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ABSTRACT 
Changes brought about by chemical and physical 
weathering were investigated in a chronosequence of terrace 
soils near Reefton p New Zea1and o The parent materials of 
the soi1sp which ranged in age from about 1000 to over 130,000 
years were outwash grave1s p sands and silts derived from 
granite (dominant) and indurated sandstoneo 
Variations in pH9 organic matterp particle size, 
cation exchange properties p total Mgp Alp Sip K, Cap Fe and 
Tip poor1y=ordered and organic-comp1exed forms of A1 and Fe, 
and mineralogy caused by increasing dUration of weathering 
and by short range p short term variations in the intensity 
of the biotic factor were determined o 
It was concluded that the younger soils represented 
dynamic systems in which alternative weathering cycles could 
replace each other as the growth p death and eventual 
disappearance of individual red beech trees caused localised 
fluctuations in pHo It was further concluded that these 
processes would lead ultimately to the formation of gley 
podzo1s as are now found on the two oldest surfaces p and 
that podzo1isation preceded gleying" 
Attempts were made to determine if minerals of the 
p1umbogummite group were responsible for the high proportion 
of soil phosphate from these soils that, on fractionation, 
appeared in the residual P fractiono It was found that 
attempts to concentrate these minerals by prolonged digestion 
with HF resulted in their solution, and in precipitation 
of complex fluorides that y-i~lded diffraction spacings that 
have been mistaken for minerals of the p1umbogummite groupo 
l 
B 
l 
SOILS 2f ~ REEFTON SEQUENCE. (From lett: Hokitika sandy loam, 
Ikamatua tine sandy loam, Ahaura silt loam, Kumara silt loam and 
Okarito loamy sand). 
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CHAPTER ONE 
INTRODUCTION 
For more than a decade the study of the soil as 
, 
part of the ecosystem has been an important aspect of the 
research effort of the Soil Science Department of Lincoln 
College. The programme is based on the identification 
and intensive study of monosequences - soil sequences where 
only one of the factors influencing soil formation has 
varied effectively. Such sequences, although rare, are 
invaluable sinqe they allow quantitative investigation of 
the most important trends and processes in pedogenesis. 
The present investigation forms a part of this overall 
programme. It differs from earlier studies in that it 
places more emphasis on mineralogical changes. 
I. THEORETICAL CONSIDERATIONS 
The first quantitative statement that a soil was a 
function of the interacti.ons of various soil forming 
factors, 
11 = (K, p~. 'lI )B t. where Ii = soil, K = climate, 
Q = organisms, )1 = geologic substratum and B = the age of 
the soil, is attributed to Dokuchaev (Dokuchaev, 1951). 
His work was developed and gi~en a more vigorous 
mathematical treatment by Jenny (1941, 1946 and 1958). 
Jenny's fundamental equation of soil forming factors, 
1 • 
s = f (cl, 0, r, p, t, ••• ), in which s = any soil 
property, and the five soil forming factors, climate (cl), 
the biotic factor (0), topography (r), parent material (p), 
and time, the period of soil formation (t) are independent 
variables that define the soil system, is still the major 
integrating theory ~n pedology. The incomplete nature of 
the function signifies that additional factors may be 
involved. 
Jenny (1961) extended his theory to embrace the 
entire ecosystem and presented his general state factor 
equation, 
1, s, v, a = f (Lo, Px, t), whioh states that 
ecosystem properties (1), soil properties (s), vegetation 
(v) or animal properties (a) are a function of the initial 
state of the system (Lo - parent material and topography), 
the external flux potentials (Px - climate, biotic factors, 
and other unspecified factors such as the application of 
fertilisers and returns from the atmosphere), and the age 
of the ecosystem (t). When the soil is considered in 
isolation the state factor equation reduces to the 
fundamental equation of soil forming factors. 
Differentiation of this latter equation, assuming 
all the variables to be independent gives the partial 
equation, 
ds = (Is ) 
'01 o,r,p,t 
+ (~);f: dp 
cl,o,r,t 
dol + (6S) &0 
cl,r,p,t 
+ (::) dt, 
cl,o,r,p 
do + (.(s) (r cl,o,p,t 
dr 
2. 
-t' 
which indicates that the extent of any change in a 
particular soil property is dependent upon the sum of the 
changes in the soil forming factors. The magnitude of the 
partial derivatives indicate the relative importance of 
each factor. Jenny (1958) indicated that if monosequences 
could be found where all but one of the soil forming factors 
are constant or ineffectively varying it should be possible 
to quantitatively evaluate the effects of each of these 
factors. Jenny (1946) had already noted the difficulty of 
finding such natural situatiQns, and had suggested that 
useful approximations to such conditions, within a given 
area, would apply when the degree of change in a specified 
soil property (s) conditioned by one factor, greatly 
exceeded the changes conditioned by the remainder. 
Jenny's concepts have been discussed by Stephens 
(1947 and 1951), Major (1951), Orocker (1952, 1959 and 1960) 
and Stevens and Walker (1970). Stephens stressed that time 
was the only truly independent variable and objected to its 
inclusion in the fundamental equation, while Major and 
Crocker made their greatest contribution by clarifying the 
concept of the biotic factor. Stevens and Walker examined 
the theoretical considerations underlying the concept of 
chronosequenoes, and after comparing a number of the more 
reliable chronosequence studies concluded that chronosequenoes, 
which extended over sufficient periods of time, often showed 
broadly similar trends. Bidwell and Hole (1965) and Yaalon 
and Yaron (1966) recognised the interference Qf man as a 
factor influencing soil formation, as did Rode (1961) who 
also added the Earth's gravity and water to the five factors 
4. 
orig:tnally established by Dolcuchaev (1951). 
Crocker (1952) concluded that polygenesis of soils 
was the rule rather than the exception, and that 
monosequences were likely to be both short and approximate. 
Jenny (1958) and Walker (1965) joined Crocker in stressing 
the importance of identifying and examining monosequences. 
Barshad (1964) considered that only comparatively yoqng 
soils, those formed since the most recent glaciation, could 
be regarded as truly monogenetic; that ~s developed under 
constantly uniform conditions from the initiation ot soil 
development. Barshad also stresses the need to establish 
the uniformity of the parent material before measuring 
subsequent changes due to soil formation. 
II. AIMS OF THE PRESENT STUDY 
The present study was initiated with two principal 
objectives. The first of these was to investigate changes 
in soil chemical and mineralogical properties as a function 
of the duration of weathering in a sequence of soils 
developed in alluvial, outwash, and loessial deposits near 
Reef ton, New Zealand. 
Adams (1970) reported that the residual P fraction 
(so-called ~esidual organic P plus residual inorganic P, 
by the method of Williams, Syers and Walker, 1967) 
contained approx~ately half of the total soil phosphate 
in two toposequences of strongly weathered and leached 
SOils, and noted that heating to 500°C produced a 
SUbstantial increase in the ~4F-P fraction. This 
increase was greater than could be accounted for by the 
rendering soluble '0£:' organ.:ilLP. As the change in phosphate 
solubility was similar to that occurring in Christmas 
Island "c-grade." rock phosphate ore (mown to contain 
more than 30% of cranda11ite) also calcined at 5500 C 
5. 
(Doak !! ~~ 1965), it was possible that phosphate minerals 
of the p1umbogummite group were present in the soils. 
Tan (1971) observed similar high residual P levels in the 
soils of the Reef ton sequence. These observations led to 
the second aim of the study, an attempt to confirm the 
presence of minerals of the p1umbogummite group in strongly 
weathered soils showing high residual P levels. 
During the study it was observed that marked changes 
in chemical and mineralogical properties, which appeared 
to be related to distance from the nearest living red beech 
tree, decaying beech stump, or accumulation of surface 
organic matter, ocourred in the upper horizons of the 
younger soils in the sequenoe. Since these situations 
represented monosequences where changes in soil properties 
could be attributed directly to short range" short term 
variations in the effectiveness or intensity of the biotic 
factor, the study was e~tended, to include their investigation. 
III.' THE STUDY .AREA 
The soils examined in the present study occur on 
river flats and terrace lands in the Inangahua Depression, 
in the south-west of the Nelson province (Figure 1). Their 
principal environ.ental and pedological features are listed 
in Table 1. Apart from the theoretical aspects discussed 
6. 
above, the accumulation ot data from soils in this area is 
timely in view of the proposals for the fuller utilisation 
of Westland.beech forests (N.~. Forest Service, 1970). 
These proposals have aroused considerable interest in a 
populace becoming increasingly concerned with their 
environment. 
IV. SOIL FORMING FACTORS 
In this section the factors that have interacted 
and are inte~acting, to influence the development of the 
soils ot the Reef ton terrace sequence are considered. 
(1) I!!!!2. 
The Inangahua Depression is a techtonically controlled 
valley between the granitic Paparoa Range to the west and 
the pre-Cambrian, indurated sandstone (greywacke) foothills 
of the Victoria Range to the east. During the early 
Pleistocene the valley was tilled with gravels (the "Old Man 
Gravel2;lll) to a depth of several th9usand feet (Suggate, 
1957). These gravels Qonsist mainly of granite (dominant) 
and indurated sandstone, and during subsequent glacial and 
interglacial periods they were terraced ~y rivers. 
As the confluence of the Buller and Inangahua Rivers 
formed an effective local base level, changes in the height 
of terraces were independent of sea level fluctuations, and 
were caused by variations in the supply of gravel. Although 
it was usually imposs~ble to trace the various terraces 
upstream to ~oraines, Suggate (1957) considered that the 
major aggradational terraces were formed from outwash gravels 
of successive major periods of ice advance. During the 
intervening interglaoial periods when the supply of gravel 
would fall Suggate assumed that the rivers would cut down 
and form degradational terraces. 
Bowen (1964) and Suggate (1965) recognised three late 
Quaternary aggradational surfaces in the Inangahua Depression 
that were underlain by gravels correlated with the Speargrass, 
Tophouse and Manuka Formations of the Upper Buller catchment. 
The Manuka Formation underlies a high terrace that can be 
followed down the Buller Valley from Murchison to Inangahua 
and is thought to have been deposited during the Waimaunga 
Glaciation (Suggate ,. 1965). Since the two younger 
formations can not iith oonfidence be traced away from the 
Inangahua Valley, correlation with the Upper Buller 
formations is indirect. Pollen analyses have indicated 
that both formations were depos.ted during glacial periods, 
and a radiocarbon date of 20,000 ! 300 years B.P •. for the 
Speargrass Formation (18 km north of Reef ton) indicated 
its correlation with the later Kumara-2 (K22 ) advance of 
the Otira Glaciation (Nathan and Moar, 1973). A sample 
they obtained from the Tophouse Formation was beyond the 
range of carbon dating ( > 47 ,500 years B. P.) which indicated 
that th~ Tophouse Formation was likely to be older than the 
later Kumara-2 advance. As the Manuka Formation had 
previously been correlated with the Waimaunga Glaciation, 
Nathan and Moar (1973) concluded that it seemed probable 
that the Tophouse Formation was deposited during the Waimea 
Glaciation. Although the earlier Kumara-2 (K21 ) advance 
has not been dated, the similar degree of dissection in 
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deposits from both formations wou1d seem to indioate that 
the earlier and later Kumara-2 advanoes did not differ 
significantly in age. The Tophouse Formation is, however, 
oonsiderab1y more dissected than the Speargrass, and this 
would seem to justify tue oorre1ation proposed by Nathan and 
Moar. 
Suggate and Moar (1970) in a revision of the ohrono10gy 
of the late Otira G1~ia1 (Suggate, 1965) indioate that the 
later Kumara-2advanoe, the greatest ioe advanoe of the late 
Otira G1aoiation, began prior to 22,300 years BoP. and 
ou1minated shortly after 18,600 years B.P. Pollen analyses 
(Suggate and Moar, 1970) indioated a barren treeless 1and-
soape and bleak oonditions in the Grey Valley during this 
period. Conditions were not likely to be very different 
in the nearby Inangahua Valley. It has thus been assumed 
that development of the Ahaura soils, the soils formed on 
the outwash terraoe from the later Kumara-2 advanoe began 
some 18,000 years ago. 
It has been assumed that the older and the younger 
Ikamatua soils have formed on degradationa1 terraoes 
following the retreats of the earlier Kumara-3 (K31 ) and 
later Kumara-3 (K32 ) advanoes, respeotive1y. If this 
assumption is correot deve10p~ent of these soils would 
have begun some 1~,000 and 14,000 years B.P., respeotive1y 
(Suggate and Moar, 1970). The Hokitika soils of the 
present flood plain have not yet deve10ped,pedogenio 
B horizons. Mr E.J.B. Cutler (Pedologist, Soil Soienoe 
Department, Linoo1n College) has estimated that the age of 
,.) 
the soil in the area sampled is of the order of 1000 years. 
Considerable difficulty is experienced in attempting 
to date the onset of soil formation for the soils developed 
on the Tophouse and Manuka FQrmations. Climatic 
variations during the past 100,000 years estimated by 
oxygen isotope profiles through the Greenland ice sheet 
at Camp Century (Dansgaard !! al. 1969), by C14 dated pollen 
from Holland (Hammen et al. 1967) and by oxygen isotope 
--
profiles of deep~sea cores from the Central Caribbean 
(Emiliani, 1966) all show the onset of the Wisconsin (Vdrm) 
Glaciation at about 70,000 years B.P. The preceding major 
glaciation indi~ated by Emiliani oommenced about 130,000 
years B.P. Suggate (1965) indicates that contemporary 
glaciation of the northern and southern hemispheres probably 
occurred throughout the whole of the Pleistocene p and he thus 
correlates the otira Glaciation with the Wurm. Suggate 
(1965) also indicates that his impressions of the relative 
durations of the various New Zealand glaciations and 
interglacials (assuming Wlit length for the Otira Glaciation) 
are as follows: 
Otira Glaciation (1) 
Oturi Interglacial (t) 
Waimea Glaciation (t) 
Teraugi Interglacial (t) 
WaimaWlga Glaciation (1) 
Waiwhero Interglacial (4) 
Porika Glaciation (2) 
I:f the onset':o:f the Otira Gl.aciation is assumed to have 
commenced about 70,000 years B.P., then the Tophouse 
Formation woul.d be at l.east that age, and the Manuka 
:formation at l.east 130,000 years. These minimum val.ues 
have been used in this thesis :for the ages of the Kumara 
and Okarito soil.s, respectivel.y. It must be noted, 
however, that for surfaces of these ages, the assumption 
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that the soil.s they carry are o:f comparabl.e age may not be 
val.id. The gravel.s in the C horizon o:f the Okarito sil.t 
l.oam are very strongl.y weathered and can be readily crushed 
in the :fingers, which tends to suggest they were weathered 
in situ since deposition. 
ThJ soils of the Reef ton terrace sequence may be 
regarded as a non-strict chronosequence as defined by 
stevens and Wal.ker (1970). 
(2) Parent Materials 
The Hokitika soil.s on the river flats within the 
study area are formed from aDUvium deposited by the 
Waitahu River, a tributary of the Inangahua. The a1l.uvium 
.x 
is generally coarse t~xtured due to the proximity of its 
source, and is derived from granite (dominant) and indurated 
sandstone. • Periodic flooding adds :fresh al.l.uvium (which 
• 
may, in part, be pre-weathered) to the surface of these 
soil.s from where earthworms incorporate it into the profil.e. 
Sites Ho 1-5 used in this thesis were located as far as 
possibl.e from the reach of floodwaters to reduce such 
interruptions to the minimum. 
.' 
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The Ikamatua soils on the post-glacial degradational 
terraces are separated from the recent soils by scarps up 
to 6 m high, and are thus beyond the reach ot flooding. 
As with the Ahailra, Xumara and Okarito soils on the glacial 
outwash terraces the parent material consists of outwash 
gravels, sands aDd silts derived trom grantte (dominant) 
and indurated sandstone. 
There is some conflict as to the contribution that 
loess has made to the parent mate,rials of the soils f 
particu1arly to those developed on the intermediate and 
high glacial outwash terraces. If loess is present in the 
parent materials of these soils it is likely to be of local 
origin. Young (1967) reported that up to six feet of 
massive, practically impermeable, blue-grey loess blankets 
terraces of the Waimaunga, Waimea and early Otira Glaciations 
of the West Coast ot the South Island, but has not been 
recognised on terraces of the later Kumara-2 or the Kumara-3 
advanceS. Although Young stated that it was not suggested 
that the presence ot one to six teet of loess was the only, 
or in some cases even a major cause of the formation of 
gley podzols, he went on to claim that the association of 
thick loessial deposits with the Okarito (and Waiuta) soils 
of the high (outwash) terraces was clearly established, and 
that it seemed probable that the development of these soils 
had been influenced by the texture of the loess. Mew et ale 
--
(1972) have reported that only minor amounts of loess 
contribute to the parent material of soils on the inter-
mediate and high glacial outwash terraces in the Inangahua 
Valley. Stevens (1968a) has concluded that the combination 
o~ narrow river valleys, low wind velocity, and very high 
rai~all" probably precluded the ~ormation o~ much loess 
in South Westland. He attributed the presence o~ gleyed 
loess-like material in Okarito soils in South Westland to 
pedogenic processes. 
( :3 ) Topographx . , 
The relie~ o~ all the terrace sur~aces is ~lat to 
gently undulating. On the low glacial outwash terrace 
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and on the younger sur~aces ~reely-drained soils are ~ound 
, 
on the levees and in the higher areas, and poorly-drained 
soils in hollows and old stream channels, and near the ~oot 
o~ terrace scarps. The sur~aces 'carrying the Ikamatua 
and Ahaura soils tend to have a more subdued microtopography 
than the present river ~lats. Relie~ o~~ers no impediment 
to progressive soil development in the ~reely-drained 
terrace areas. 
(4) Climate 
The present climate o~ the West Coast o~ the South 
Island is characterised by mild temperatures and heavy, 
evenly-distributed rain~all. The Inangahua Depression, 
separated ~rom the coast by the Paparoa Range, is less 
wet and has a slightly greater temperature range. 
Monthly temperature, precipitation and humidity.data ~or 
the Ree~ton climatalogical station are summarised in 
Figure 2. The rai~all ~igures cover the period 1904-1972, 
but the remainder are restricted to the decade ~rom 1960-
1970. 
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Rainfall ~how~ a ~light ~pring maximum in October 
and November, and a late summer minimum in February. The 
mean annual rainfall at Reef ton (69 year period) is 1919 mm, 
with a range from 1354-2680 Mm. The mean number of days per 
year on which rain and snow fall are 186 and 2, respectively. 
I~ohyet maps show that the rainfall over much of the floor 
of the Inangahua Depression is comparable to that at Reef ton. 
Precipitation increases towards the north (2540 mm year-1 
at Inangahua Junction) and with increasing altitude up the 
steep sides of the Depression. 
T~e last major retreat of the glaciers that affected 
the study ~ea began some 14,000 years B.P. (Suggate, 1965). 
The climate of the early post-glacial period (Aranuian 
stage - Suggate, 1961) is assumed to have been cool and 
moist, and less rigorous than the severe, but not extreme 
climate of the Otiran Glaciation (Gage, 1965). Moar (1966) 
and Walker (1966) have assumed a general rise in temperature 
occurred some 10,000 years ago, whereas Harris (1963), 
Suggate (1965) and Vucetich and Pullar (1969) have proposed 
a progressive warming following the retreat of the glaciers. 
The latter view of continued chang~~~~upported by the 
temperature curve derived from oxygen isotope ratios in 
speleothems'(Hendy and Wilson, 1968). This curve indicates 
a steady rise of about 6°c from 20,000 to 10,000 years B.P., 
but Short term variations may be concealed by the 1000 year 
means on which the curve is based. Moar (1971) found no 
evidence that annual precipitation has varied greatly during 
\ 
the past 10,000 years in North Westland, and has inferred 
that during this period there has been a trend towards less 
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equable conditions. Evidenoe o~ minor glacial advances 
between 8,500 a.p. and the present, has been provided by 
Lawrence and Lawrence (1965), Burrows and Lucas (1967) and 
McGregor (1967), but the phenomena were ins~~icient to 
e~~ect any major vegetation changes (Moar 1970 and 1971). 
(5) Vegetation. 
The vegetativ.e cover of the Inangahua Valley at the 
time o~ European settlement was a mixture o~ beech and 
podocarp forest. The river ~lats are now almost entirely 
cleared ~or ~arming. Remnant.s o~ the original ~orest 
remain only in the upper reaches o~ the creeks and in 
scattered patches near the Inangahua River. These 
remnants show that the native vegetation was red and silver 
beech (scienti~ic names o~ plant species are listed in 
Appendix I) with occasional podocarps in ~reely-drained 
areas and matai and kahikatea in the hollows. The post-
glacial degradational terraces and the low glacial outwash 
terrace have also been largely cleared of ~orest. 
Remnants show that on freely-drained sites the ~orest was 
dominated by red beech, with some kamahi, quintinia and rimu. 
With increasing age matai and kahikatea on the poorly-
drained areas tended to be replaced by rimu and red beech. 
The two highest glacial outwash terraces are now almost 
devoid o~ ~orest oover, and now carry either manuka scrub, 
or a rush, sedge, umbrella ~ern and sphagnum moss 
association. Locally drier areas have been colonised by 
gorse and blaokberry. On the intermediate glacial outwash 
terrace the ~orest, , be~ore burning or cutting, was o~ 
silver pine and mountain beech, with rimu, kamahi, 
quintinia, toa toa and p~nk pine. Yellow-silver pine 
was found on drier sites at terraoe edges. On the high 
glacial outwash terrace manuka, bog pine, pink pine, 
mountain beech and yellow-silver pine formed a stunted 
forest or scrub. 
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Present evidence, based on radiocarbon dates, 
suggests that fo110w~ng the most recent deglaciation about 
14,000 years B.P. (Suggate, 1965), a period of some 4,000 
years elapsed before forest became re-estab1ished in the 
South Island (Gregg, 1966; Godwin and S~itsur, 1966; 
and McIntyre and McKellar, 1970). Pollen records show 
that Nothofagus was dominant around Tophouse about 
8,000 years B.P., and that it had spread to Springs 
Junction, south of Reef ton, some 2,000 to 3,000 years 
later. Before the southward spread of beech the forest 
was dominated by rimu and other podocarps (Moar, 1971). 
Couper (1960) has shown that species of the beech 
and podocarp families (including red beech) were known to 
exist in New Zealand prior to the Pleistocene. On the 
basis of pollen analyses, Dr N.T. Moar (Botany Division, 
D.S.I.R., Lincoln, pers. comm.) has found evidence of the 
presence of both beech and podocarps in a sample from the 
Westport area, that on present geological evidence is dated 
prior to the Otira Glaciation. It is therefore concluded 
that the biotic factor involved in the genesis of the soils 
of the Reef ton sequence has been the flora and fauna of 
beech-podocarp fQrests. 
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CHAPTER TWO 
METHODS 
I. INTRODUCTION 
This section discusses the crite~ia applied to site 
selection, and the procedures used in sampling and analysing 
the soils. 
II. FIELD WORK 
(1) Existing Surveys 
The soils of the Inangahua Depression were surveyed 
during the reconnaissance mapping of the South Island of 
New Zealand at a scale of 1 : 253,440 (N.Z. Soil Bureau, 
1968a). No other published work exists of the soils of 
this area. 
In 1965 Mr B.S. Kear (Soil Bureau, D.S.I.R.) prepared 
a report and map (1 : 63,360) of the soils in an area of 
some 2000 ha centred on Reef ton. This survey included 
most of the terrace lands and some of the flanking hills and 
steeplands in the lower valley of the Waitahu River. It 
was prepared for the N.Z. Forest Servioe, and was used for 
the characterisation of soils being considered for beech 
management or exotic conversion, and for the instruction 
of forestry students at the Reef ton Ranger School. Most 
of the soil qnits used by Kear had previously been named 
and described during a reconnaissance soil survey of 
Westland (Gibbs, Mercer and Collie, 1950), a survey that 
terminated 5 km south-west of Reef ton. 
During 1971 N.Z. Forest Service asked Soil Bureau, 
D.S.I.R. to provide soil data applicable to the broad 
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planning of the former's beech forest project in Westland. 
As there was a need for more detailed soil data than were 
avai1ab1e further investigations were initiated. During 
1972 a soil survey of approximately 44,000 ha of predominantly 
terrace and hill country soils in the Inangahua Valley 
between Reef ton and Inangahua Junction was carried out at a 
scale of 1 : 63,360. Soil fertility studies based on the 
defined mapping units, which in some cases differed 
substantially as compared with the reconnaissance soil map 
(N.Z. Soil Bu·reau, 1968b), were also undertaken. The 
results of the survey, together with a broad assessment of 
possible nutrient deficienoies likely to be encountered 
on those soils that may be used for exotic forestry are 
contained in a report (Mew et a1. 1972), the distribution 
, - --.. . 
of which is restricted. 
(2) Site Selection 
Basic reconnaissance and selection of suitable 
sampling sites on the river flats and terrace lands of the 
Inangahua Depression was carried out in December, 1968 by 
Mr E.J.B. Cutler of the Soil Science Department, Lincoln 
College. The only more or less complete terrace sequences 
that have survived are 100ated between Reef ton and the 
Waitahu River, and south of Larry's Creek. The former 
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area was chosen for this study. 
In order to evaluate time as a soil forming factor 
on these surfaces, sites were chosen with the aim of 
minimising possible variations in the remaining factors. 
The sites finally chosen were those which best fitted the 
following criteria. 
(i) The parent material should be uniform, and consist 
(ii) 
of river alluvium or outwash gravels, sands and silts 
derived from granite (dominant) and indurated sandstone. 
There should not have been additions of nutrients, 
alluvium or loess following the onset of soil 
development. Where variations in profile depth and 
texture are encountered within any soil series, 
profiles having the greatest depth and finest texture 
should be preferred. 
Where such remnants have survived the site should be 
located in beech dominated forest. The biotic 
factor dominant in the genesis of the soils should 
have been beech, or beech-podocarp forest and their 
precursors or successors. 
(iii) The area should be flat or only slightly sloping. 
Locally drier sites near terrace edges, and poor1y-
drained sites in hollows, old stream channe1sp or 
towards the back of terraces should be avoided. 
(iv) There should have been the least possible interference 
by man, and domestic or introduced animals. 
(v) It should be possible to determine the approximate 
age at the surfaces. 
In a study of a chronosequence of podzols in 
northern Michigan, Franzmeier and Whiteside (1963) noted 
that variations in the intensity of podzol development 
occurred on materials of each age. They could not fully 
explain these differences, and chose, for their study, 
the soil from each surface that showed the maximum podzol 
development. 
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Similar variations were observed on the terraces 
carrying the Hokitika, Ikamatua and Ahaura soils of the 
present investigation. These were the only terrace 
surfaces in the Waitahu Valley where beech forest remnants 
had survived. An exploratory survey showed that the 
intensity of podzol development was greatest surrounding 
living red beech trees and decaying beech stumps, was a 
function of tree size, and decreased with distance from 
tree or stump. Differences in intensity were not discerned 
in profiles at distances greater than 7 m from the largest 
trees (~.1 m, diameter breast height). On these terraces 
an attempt was made to minimise possible effects caused by 
short range variations in the intensity of the biotic 
factor by deliberately locating sampling sites used for the 
chronosequence study more than 7 m from any tree 9 stump, 
fallen log, or accumulation of surface organic matter. 
Because of the need to balance desirable replication 
against the range of soil properties that could be determined 
in the time available, and because of the uncertainty posed 
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by the biotic factor p it was decided to sample the soils of 
the chronosequence p initially, at a single site on each 
aged surface, and to make a preliminary assessment of the 
biotic factor by selecting two further sampling sites, one 
at the base of a large decaying beech stump on the main 
post glacial terrace, and the second in a similar position 
on the low glacial outwash terrace. These latter sites 
were 9.10 and 7.25 mp respectively, from sites sampled for 
the chronosequence study. As it was considered that 
elaboration of the relationship between 'the freely=drained 
yellow-brown earths on the younger terraces and the water-
logged gley podzols on the two oldest surfaces would be 
aided by comparing a freely-drained yellow-brown earth with 
"a poorly-drained soil on the same aged surface p a poorly-
drained site was selected on the older post glacial terrace. 
The locations of the above sampling sites are shown in 
Figure 1. 
The chosen sampling programme would give some 
indication of the extent of variations likely to be found 
in the Ikamatua and Ahaura soils and should draw attention 
to the possible causes of such variations. It was felt 
that this approach would yield more information than analysis 
of a number of samples chosen at random from each aged 
surface. 
Following detailed chemical and mineralogical 
examination of the above soils it was concluded that further 
investigation of the effects of red beech on soil genesis 
warranted consideration ahead of replication of the 
chronosequence data. Seven further sampling sites were 
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therefore chosen along two transects on the low glacial 
outwash surface (Figure 3). The sit~s actually selected 
were those where distance from roots and tree buttresses 
made sampling possible. The transects utilised the two 
sites already examined on this surface. Additional grab 
samples, taken to check hypotheses, are discussed in the 
text. 
The soil terminology used throughout the remainder 
of this thesis is illustrated by the following examples: 
Ah = Ahaura silt loam. 
Ah 1 = Ahaura silt loam, site 1. 
Horizon designations,follow Taylor and Pohlen (1962). 
(3) Sampling Procedures 
Horizons of soils used to investigate the effects 
of red beech on soil genesis - Ah2 to Ah 9p and I{ 0) 2 - were 
sampled on a non-volume-weight igrab 9 basis. The soils 
used in the chronosequence study 9 and the poorly-drained 
soil on the older post glacial terrace - I{w)= were sampled 
using a procedure similar to that described by Stevens 
(1968b). A pit with a cross section of approximately 
1 m2 was dug at the sampling site on each surface. The 
2 
area sampled was defined by placing a square frame p 0.04 m 
in area, on the surface of each horizon being sampled p with 
an internal edge flush with a smooth vertical side of the 
pit. Within this frame each horizon of the solum was removed 
successively, weighed, and representative subsamples taken. 
Contamination of one horizon by material from another was 
carefully avoided. All samples were stored in sealed 
• 
polythene bags. Profile descriptions (Appendices II and 
III) were made during, or soon after sampling. 
Following analysis of the above samples additional 
'grab' samples were collected at further sites on the 
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freely-drained surfaces. These samples were used to test 
hypotheses developed during the investigation. Details 
of such sites are included in the appropriate sections. 
III. ANALYTICAL PROCEDURES 
(1) Sample Preparation 
Immediately on return from the field 9 half of each 
sample was weighed, air-dried and reweighed. Where 
relevant p the volume-weight was calculated. The remainder 
of each sample was resealed and retained in a field-moist 
condition. 
The air-dried samples were crushed with a steel 
rolling-pin and sieved through a 2 mm square-holed sieve. 
If the quantity of mineral matter that failed to pass the 
sieve was insignificant «1% by weight) it was discarded 
and the <: 2 IDOl fraction alone used for subsequent analyses. 
For the eight samples where the :> 2. IDOl fraction exceeded 
this limit, the lowest horizon sampled from Ho 1 pI(Y) 19 
Ah 1 and Ku 1, and the two lowest from I(o) 1 and l(w) 1, 
both size fractions were weighed and retained for analysis. 
Part of each air-dried sample was ground to < 53 Jl1D 
using a tungsten carbide vessel in a Tema mill. 
ground material was used for elemental analyses. 
This 
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(2) Analytical Methods 
With the exception of mineralogical analyses all 
determinations were duplicated. 
{a).e!!. (On <2 mm air-dried sOil). SOil/distilled 
water suspensions (1 ~ 2.5) were stirred p left to stand 
overnight, and after further stirring read on a Radiometer 
26 pH meter equipped with glass-calomel electrodes. The 
pH of soil/molar KCl suspensions (1 : 10) were determined 
in a similar manner. 
(b) Dry Matter and Loss-on-Igniti2a. Dry matter 
was determined by heating 10 g (approximately) samples of 
<2 mm air-dried soil in porcelain basins overnight at 1050 C. 
After cooling (avoiding rehydration) and reweighing 9 the 
same samples were ignited for 1 hour at 500°C and again 
weighed to determine loss-on=ignition (LOI). 
(c) Mechanical Analysis. Air-dried soil -< 2 mmp 
equivalent to 50 g oven-dried weight 9. was sieved and the 
fraction smaller than 63~ dispersed in 1 1 of 
sodiumhexametaphosphate (3.5 g/l). The percentages of silt 
and clay were determined at 200 C by the International pipette 
method (Robinson and Richardsonp 1933). Samples' with an 
organic carbon content exceeding 1% (Tan, 1971) were 
pretreated with boiling 30% H2 0 2 • These data were provided 
by Mr E.J.B. Cutler g Soil Science Department, Lincoln 
College p to whom the author is indebted. 
Approximate percentages of sand (s), silt (si) and 
clay (cl) were also obtained by weighing the size fractions 
obtained by fractionation during mineralogical analyses. 
Before being dispersed,<Z mm air-dried soil for these 
analyses, was treated with boiling 30% HZOZ to destroy 
organic matter and deferrated with a dithionite-citrate 
system buffered Wit~ NaHC03 (Mehra and Jacksonp 1960). 
International size classifications were adopted: 
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coarse sand (c,s) Z - O.Z mm, fine sand (:r,s) O.Z = O.OZ mm, 
silt O.OZ mm - Z)MDP and clay <Z r' Fine clay (focI) 
refers to material <:0,Z)lll19 and coarse clay (c.cl) to 
material within the size range Z - O.ZJWDo 
(d) Total Analyses for Mg. Ale Sip Kp Ca. Fe and 
I!. Mixtures containing 0.400 g of gro1fnd «53 jl-M) 9 
air-dried soil and 4.000 g AR Nazc03 were fused in 
platinum crucibles over a Meker burner. Melts were 
extracted with 1 1HCl~ digested on a waterbath and 
made to volume. Suitable aliquots were taken for the 
separate determination of potassium by flame emission 
spectrophotometry 9 magnesium and calcium by atomic 
absorption spectrophotometry (1000 ppm SrClZ as suppressant), 
and iron and titanium colorimetrically using Tiron (Yoe 
and Armstrong p 1947). Iron was also determined 
colorimetrically by the Ferron method of Belyayeva (1966). 
Alumdnium=and Silicon were determined gravimetrically 
as.a1u.minium. oxinate and quinoline silicomolybdate p 
respectively, following careful fusion of 0.500 g air-
dried ('<53 fBI) samples with 7.000 g AR NaOH i:n platinum 
crucib1es (Bennett and Reed, 1971). 
(e) Cation Exchange Capacity (CEC). and Exchangeable 
Nap Mg. AI, X, Ca, and Fe. Samples of air-dried soil 
( < Z mm) were leached with molar ammonium acetate (pH 7.0), 
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washed with 60% ethanol.:, distilled, and CEC determined 
on the ammonia absorbed in boric acid. Exchangeable 
Na and K (flame emission spectrophotometry) and Mg and 
Ca (atomic absorption spectrophotometry, using 1000 ppm 
SrC12 al:J l:Juppressant) were determined on suitable 
aliquotl:J of the leachates. 
Exchangeable Al and Fe were determined by shaking 
5.000 g samples of air-dried soil « 2 mm) with 50 ml 
1.0 molar KCI (unbuffered) for 2 hours, centrifuging and 
analysing the centrifugates for Al and Fe using the Ferron 
method of Belyayeva (1966). 
(f) Oxalate-extractable Al and Fe. Milled 
( < 53 fBI) air-dried soils (100 - 250 mg) were shaken with 
10 ml 0.2 molar ammonium oxalate (pH 3.0) in darlmess, .on 
a reciprocating shaker for 4 hours, centrifuged, and 
aliquots of the extracts digested (almost dry) with 
concentrated HN03/H2S04 to destroy organic matter and 
oxalate (McKeague and Day, 1966). Residues were taken 
up in dilute acid and Al and Fe determined colorimetrically 
using Ferron (Belyayeva, 1.966 and' Blakemore, 1968). This 
method gave satisfactory replication and recovery of 
added Al and Fe, and had the considerable advantage of 
enabling both elements to be determined on a single 
aliquot. 
, (g) Pyrophosphate-extractable Al and Fe. GroWld 
( <53 r) air-dried soils (200 mg) were shaken with 20 ml 
0.1 molar sodium pyrophosphate on a reciprocating shaker 
for 16 hours, centrifuged and aliquots of the supernatant 
digested as in (f) to destroy organic matter and 
hydrolyse pyrophosphate to orthophosphate (McKeague~ 
Residues were taken up in dilute acid, but as 
interference by phosphate prevented the use of Ferron 
it was necessary to determine A1 and Fe on separate 
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a1iquots. Iron was determined with 1 : 10 phenanthro1ine 
(Jackson, 1958), and A1 with a1uminon using the procedure 
of Hsu (1963) as modified by Wang and Wood (1973). Hsu 
had shown that pH was critical for colour development with 
a1uminon, and that the optimum pH for systems containing 
HC1 was between 3.7 and 4.0. Wang and Wood, however, 
demonstrated that sensitivity decreased rapidly below 
pH 4.1 in HN03/H2S04 systems p but was not affected by pH 
within the range 4.1 - 4.3. 
(h) Phosphate Retention. Phosphate retention 
was assessed by measuring the percentage of added phosphate 
taken up iIi 24 hours by 5 .. 00 g of' air-dried soil (<: 2 mm) 
shaken with 25 m1 of solution having an initial phosphate 
concentration of 0.032 molar KH2P04 , and buffered at 
pH 4.6 (Saunders, 1965). The pH of 4.6 approximates the 
point of maximum phosphate retention of many acid soils. 
(i) Fie1des and Perrott Sodium Fluoride Test. 
This test (Fie1des and Perrott, 1966) was carried out on 
air-dried soil «2 mm) and on water-dispersed clay 
«2 r) using a sample 0.85 molar NaF ratio of 1 : 50. 
pH values were read after 30 minutes using a Radiometer 
26 pH meter with glass-calomel electrodes. The saturated 
NaF used by Fie1des and Perrott was replaced by 0.85 molar, 
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which has been shown to give comparable results, and 
avoids problems associated with the use of' a saturated 
solution (Bracewell, Campbell and M1tchell, 1970). 
Mineralogical Analyses. Soil samples were 
prepared f'or X-ray and thermal examinations by methods 
essentially similar to those described by Jackson (1956, 
pp. 31-188). 
Organic matter was oxidised by treatments (usually 
12) with 30% H2 C>2' bUf'f'ered at pH 5.0 to prevent t~~e 
development 'of' low pH conditions in the soil-H20-H202 
slurry that could cause degradation of' layer silicates 
, 
(Douglas and Fiessinger, 1971; Douglas, 1971 and 
Lavkulich and Wiens, 1971). 'Free' iron oxides were 
removed by treatment with bicarbonate-buffered citrate-
dithionite (Mehra and Jackson, 1960). Size fractions 
were separated using procedures outlined by Tanner and 
Jackson (1947) and Jackson (1956). 
Mg- and K-saturated clay suspensions (fine, <0.2)lID 
and coarse, 0.2 - 2.0 JDD) were prepared by four washings' 
with 0.5 molar MgC12 and 1.0 molar KCl p respectively, 
f'ollowed ~y repeated washing w1th distilled water to 
remove excess salts. Duplicate samples of' pref'erentially-
'or·ie.nted. Mg- and K-saturated clays were prepared by 
drying 1% suspensions on glass slides at room temperature. 
The amount of' clay on the slides corresponded to 3.0 mg/cm2 • 
Following analysis by X-ray dif'f'raction at room 
temperature the Mg-saturated samples were glycerol 
solvated by successive light sprayings with 10% glycerol 
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until the~specimens retained a moist appearance. As 
some forms of montmorillonite solvated from dry Mg-saturated 
clay do not expand beyond 1.4 nm (Jackson, 1956 and 
Fieldes, 1968) samples found to contain expanding clays 
were also solvated by the method described by Jackson !i ~. 
(1954). 
After X-ray examination at room temperature the 
o K-saturat.~d samples were heated for two hours at 350 0 and 
o 
subsequently for one hour at 550 o. They were re-examined 
after each heating. To preclude resorption of water 
samples were stored at 1500 0 until X-rayed. 
Several workers have shown that treatment with warm 
HOl facilitated the identification of kaolinite in the 
presence of chlorite and vermiculite (Oinuma, Kobayashi 
and Sudo, 1961; Sudo, Oinuma and Kobayashi» 1961; 
Hayashi and Oinuma, 1964; Gjems, 1967 and Wiklander and 
Aleksandrovi~, 1969). As all these minerals were likely 
to be encountered in the present study a batch of clay 
suspensions was treated with 6 molar HOl for 30 minutes 
o 
at 95 0, before cation saturation and the preparation of 
preferentially-oriented slides. 
Preferentially-oriented silt (2 - 20;wn) specimens 
were prepared for X-ray analysis in a similar manner to 
that used for clays. Randomly-oriented specimens of 
silts and sands (>0.02 mm) were also prepared from air-
dried samples using an end-loading specimen holder similar 
to that described by Niskanen (1964). 
': Mg-saturated specimens for differential thermal 
analysis (DTA) were prepared by flocculating and washing 
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aliquots of the clay fractions, isolated by sedimentation, 
with 0.5 molar MgCI2 • Atter removal of excess MgCl2 
the samples were freeze-dried, lightly ground « 53 )lIB) 
and equilibrated over saturated Mg(~03)2 ( relative 
humidity, 56%) for a minimum of four days. 
HF digestion (Raman and Jackson, 1965; Norrish, 
1968 and Sarma and Krishna Murti, 1969/1970) was used to 
dissolve aluminosilicates in an attempt to concentrate 
resistant minerals, present in small amoun~ in the clay 
fractions, sufficiently to permit their identification by 
X-ray diffraction. A range of samples of other size 
fractions were also examined. 
X-ray diffraction analyses were made on Philips 
equipment comprising a PW 1310 generator and PW 1050/25 
goniometer, using Mn filtered FeK~ radiation (50 kV, 
20 mA) and a proportional counter coupled to an arithmetic 
chart recorder using pulse height analysis. The divergence, 
receiVing, and scatter slits were set at~1°, 0.1 mm and 
1 0 , respectively, for clays. Wider slits were used where 
appropriate for silt and sand samples. A goniometer 
speed 6f 1 0 , 2Q/minute, a chart speed of 1 cm/minute, 
and a time constant of 2 seconds were used. The rate 
meter was varied according to the intensity of reflections 
from particular samples. Clays were scanned from 2 - 400 , 
o 2Q and all other samples from 2 - 90 • 
Differential thermal analyses were carried out using 
an Aminco Thermoanalyser with a stainless steel sample 
holder. In each instance 80 mg of sample was diluted 
30. 
with an equal weight of calcined kaolinite, 160 mg of 
which was used as the reference material, the heating 
rate was 120C/minute and a flow of oxygen-free nitrogen 
of 20 m1/minute at a pressure of 1.013 x 105p was passed 
through the sample. 
Semi-quantitative estimates of clay mineral 
distribution were based upon relative peak areas of 
diagnostic X-ray diffraction spacings. These estimates 
were checked by comparison with differential thermograms. 
Material within the size range 0.125 - 0.177 mm 
was iSQ1ated from air-dried sands (0.02 - 2 mm) by dry-
sieving. The isolated fractions were further separated 
into magnetic and non-magnetic fm.ctions using a Frantz 
isodynamic magnetic separator, operated at a current of 1.2 
amp" with side and forward slopes of 50 and 300 , respect-
ively. Three passes were made at a flow rate o~ 0.3 m1/ 
minute. The two fractions were weighed and the minerals 
present in each identified using a polarising microscope. 
(3) Presentation of Results 
In the accompanying figures and tables total 
chemical analyses, and oxa1ate- and pyrophosphate-
extractable A1 and Fe are expressed on the basis of the 
ignited weight of the sample. Mechanical analyses and 
cation exchange data are expressed on an oven-dry basis. 
Fie1des and Perrott test and phosphate retention are 
empirical methods and are based on air-dry soil. Data 
for the poorly-drained Ikamatua fine sandy loam, I(w)1, 
are included in tables and figures devoted to the soils 
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formtng the chronosequence to facilitate ready comparison 
with the freely-drained soil of. similar age. Data for the 
two transects on the Ahaura silt loam Ah 1, are presented 
separately. Data from the A2 horizon at I(O) 2 are 
included, where relevant, with the soils of the chrono-
sequence. Data from the 'grab' samples taken subsequent 
to the above analyses are not included in these tables, 
but are discussed in the text where appropriate. 
Dashes in the tables indicate that no such sample 
existed\.'.~ or that no meaningful value could be entered, 
while "n.d." indicates that the value was not determined. 
stones were present in the C horizons of the Ho 1, 
I(y) 1 and I(o) 1 profiles below a depth of approximately 
0.40 m. The disintegrating remains of strongly weathered 
stones occurred below 0.62 m in the C horizon of the Ok 1 
profile, but there was no evidence for the previous 
existence of stones at any higher level in thi~ profile, 
or above 0.76 m in the Ku 1 profile. Stones were absent 
above 0.76 m in the I (w) 1 and .Ah 1 profiles. To avoid 
differences caused by variations in the texture of the 
parent materials totals for all profiles were therefore 
calculated to a depth of 0.38 m, the minimum depth at 
which stones occurred. 
Totals were also calculated to a depth of 0.76 m. 
As well as presenting the actual values obtained to this 
greater depth, an attempt was made to reduce effects 
resulting from variations in the depth of fine alluvium 
between tesseras, and thus allow more meaningful 
comparisons to be made between soils. It was assumed, 
that for horiZOns containing stones, < 2 mm material 
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occupied the whole volume of such horizons. The density 
of isolated < 2 mm material was determined by packing into 
a 50 m1 measuring cylinder under gentle vibration. This 
approach could not, however, be applied to the Ok 1, C 
horizon as it was not feasible to isolate the material 
derived trom stones. All the material from this horizon 
was the~etore crushed to pass a 2 mm sieve. Unless 
otherwise stated the use of the term "estimated" in any 
table or figure implies that the above assumptions were 
used. 
For profiles where horizon boundaries did not 
coincide with 0.38 and 0.76 m, proportionate adjustments 
were made. 
Comp1et'e results appear in the tables with the 
exception of the 0 horizon of' the I{y} 1 profile, and to 
a lesser extent of' the I(o} 1, A horizon. The omissions 
do not significantly affect the results. A matrix of 
simple correlation coefficients was constructed using 
data from the soils of the chronosequence (except I(w) 1} 
obtained both in this study and that of'Tan (1971). This 
is presented as Table 2. 
CHAPTER THREE 
RESULTS AND DISCUSSION 
I. INTRODUCTION 
The analytical data presented in this section are 
grouped, for convenience, as follows: 
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1. Physical Parameters. (Depth of horizons, soil pH, 
volume-weights, % moisture (M%), loss-on-ignition, 
and mechanical analyses). 
2. Chemical Analyses. (Total chemical analyses and 
cation exchange analyses including exchangeable 
cations) . 
Poorly-ordered Soil Colloids. (Oxalate- and 
pyrophosphate-extractable Al and Fe, phosphate 
retention, and Fieldes and Perrott test). 
4. Mineralogical Analyses. (X-ray diffraction analyses, 
differential thermal analyses and optical mineralogy). 
Data for the soils of the chronosequence (including 
the wetter variant of the Ikamatua silt loam) and for 
each of the two transects on the Ahaura silt loam, are 
listed in separate tables. For ease of comparison, data 
for Ah 1, a site that is ,included in the chronosequence 
and in both transects, are presented in all appropriate 
tables. 
II. PHYSICAL PARAMETERS 
Data showing the depth of horizons, soil pH (in 
both distilled water and molar KC1), percent moisture, 
34. 
and loss-on-ignition are listed in Tables 3 (Chrono-
sequence), 4 (Transect 1) and 5 (Transect 2). The latter 
two tables also list distances from the nearest living red 
beech or decaying stump. Horizon and tessera weights of 
size separates, and of organic and inorganic components 
are presented in Table 6, while mechanical analysis data 
appear in Tables 7 - 9. 
(1) Soil pH 
Soil pH values throughout the chronosequence are all 
low to very low. Depth functions (Figure 4) show a 
tendency to increase slightly with depth. The I(y) 1, 
I(o) 1 and Ah 1 profiles all show similar values and 
trends. Values for these profiles are 0.3 - 0.6 units 
higAer than at equivalent depth in the Ku 1, which, with 
the exception of the organic-rich ~G horizon yields 
values 0.1 - 0.3 units higher than the older Ok 1. The 
pH values of the gleyed upper horizons of' I(w) 1 are 
lower, and those of' the oxidised lower horizons, higher 
than the values' given by the corresponding freely-drained 
soil, I(o) 1. The values given by the A horizons of' the 
Ho 1 profile appear to be anomalously low for a recent 
soil. Trends observed along the two transects (Tables 
4 and 5) (and the low value shown by the A2 horizon of 
I(o) 2) do show, however, that considerable variations in 
soil pH can occur over comparatively short distances, 
particularly in the upper horizons. pH values along 
the transects increased with distance from the nearest 
living red beech or decaying stump (Figures 5 and 6). 
The downward trends shown close to each tree in these 
figures probably demonstrate the localised influence of 
stem flow. 
This influenoe of red beech on soil pH was confirmed 
using 44 additional 'grab' samples taken from the low 
glacial outwash terrace and younger surfaces. Half of 
these samples were from surface horizons taken adjacent 
to the stems of living trees, and all gave pH (H20) 
values between 3.1 and 4.4. Values tended to decrease 
with increasing age of the soil and size of .the tree. 
The remaining samples were surface horizons collected at 
least 7 m from the nearest tree, stump, fallen log, or 
accumulation of organic debris, and all yielded values 
> 4.5. 
It is unlikely that the concentration of KC1-
extractable aluminohydronium cations, Al(OH2)~+' could be 
high enough to explain these very low soil pH values 
associated with red beech trees. Concentrations of the 
• 
order of 2 x 10-3 and 2 molar would be necessary to yield 
pH values of 4.0 and 3.0, respectively (Jackson, 1963a). 
Kaurichev, Nozdrunova and Yevseyeva (1969) have shown that 
the Al contents of soil solutions from gley and podzolic 
soils containing up to 2.7 me/100 g of exchangeable Al 
. -4 
were < 2 x 10 molar. 
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Very acid conditions arising from the oxidation of 
Fe82 or 8 could not occur at any of the sites except, 
those on the present floodplain, where 8 or sulphides 
derived from coal mining operations, or the erosion of 
sulphid~-bearing formations, may be deposited during 
flooding. The 8 content of rainwater in the area is 
unlikely to exceed 0.5 ppm, most of which would be present 
as sulphate (Mr A.H. Horn, 80il Science Department, Lincoln 
College, pers. comm.). 
Chelation mechanisms are also unlikely to account 
fo~ the low pH values. Huang and Keller (1970) and Hewitt 
(1973) have shown that dissolution of aluminosilicate 
minerals in chelating solutions causes a slight increase 
in pH. 
The relationship betweeri pH and distance from the 
nearest tree suggests that water~soluble organic compounds 
associated with the presence and growth of the trees, or 
with the decomposition of the organic debris that 
acc~lates in their vicinity, are largely responsible. 
Kaurichev, Nozdrunova and Yevseyeva (1969) report that low 
molecular weight organic acids including oxalic, tartaric, 
citric, fumaric, malic, and glycolic accounted for 4 - 65% 
of the C of the water-soluble organic matter in soil 
solutions extracted from some gley and podzolic soils. 
They attributed the lower pH values of the A horizons ot 
the forest soils they examined to the formation of carbonic 
acid and water-soluble compounds produced by organic matter 
decomposition. 
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Zinke (1962) has demonstrated the radial symmetry 
of soil properties around individual trees. Properties 
were shown to vary systematically with distance from the 
stem. Several workers have shown that for some tree 
species, including beech, the quantity of stemf10w water 
is considerable, relative to the precipitation incident 
on the crown (Horton, 1919; Kittredge, 1948; Gilbert, 
1953; and Voigt,· 1960). Although stemf10w enters the 
soil in a narrow band around the stem (Voigt p 1960) it 
is usually unevenly distributed around the stem (Gersper, 
1970), Stemf10w water has been shown to be acidic, and 
to contain larger amounts of C, N, Mg, P, S, C1, K and Ca 
than canopy drip (VOigt, 1960; Mina, 1965; and Gersper 
and Ho10waychuk, 1971) which in turn is more enriched than 
the incident rainfall (Ba1asubramaniam and Jayaraman, 1952; 
Will, 1955; Madgwick and Ovington, 1959; Voigt g 1960; 
and Grunert, 1964). Stemf10whas also been shown to 
contain much greater quantities of fallout radioisotopes 
than the incident rainwater (Witkamp and Waller, 1963) and 
the depth of penetration of such isotopes has been shown 
to be greatest close to the stems of trees (Franklin, 
Gersper and Ho10waychuk, 1967; and Gersper, 1970). 
Anticipating that stemf10w water, through the local 
concentration of large amounts of water, enriched in 
certain organic and inorganic substances from trees and 
from external sources, would materially influence soil 
formation, and could enhance the formation of podzo1s, 
Gersper and Ho10waychuk (1970 a and b) examined a range 
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of soil properties at distances of 0, O.S, 1.0 and 2.0 m 
from the stem of an American beech of 0.80 m diameter, 
breast height. These investigators observed similar 
pH trends to those found in the present stuqy; the pH 
increasing from 4.S at the stem to 6.0 at a distance of 
2.0 m. As in the Ahaura transects the greatest variation 
occurred in the surface horizon. The rainfall affecting 
the site chosen by Gersper and Holowaychuk (1970 a and b) 
was less t~an ~a1f that at Reef ton, and the Miami soil on 
which their study was located was developed from glacial 
till containing considerable limestone fragments. The 
authors did not investigate if variations continued beyond 
2.0 m from the" stem. 
(2) Soil Organic Matter 
With the exception of the BhG horizon of Ku 1, 10ss-
on-ignition values deorease with profile depth. Consider-
able variations, that are related to distance from living 
trees or decaying stumps, occur over short distances in 
surface horizons (Tables 3 - S). 
Weights of organic matter (OM) (Table 6) have been 
calculated on the assumption that LOI = OM. Differential 
thermograms (discussed in Chapter 3; v, (3» show, however, 
o that at temperatures between 10S and SOO C some of the 
weight loss would" be caused by loss of water from the 
dehydroxylation of clay minerals. To reduce such errors 
the use of lower ignition temperatures in the range 
3S0 - 4300C have been suggested by Mitchell (1932), Ball 
(1964) and Davies (1974). Poorly-ordered hydroxy-alumina 
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and gibbsite, which lose some 35% of their weight around 
3000 C, would still be affected by these temperatures, but 
errors introduced from this source should not exceed 4% 
(maximum) of the values listed in Tables 3 - 5. Errors 
resulting from the dehydroxylation of phyllosilicates 
have not been estimated. The highly significant corre-
lationcoefficient (0.1% level) between loss-on-ignition 
and oxidisable carbon (oxid.C) values (Table 2) suggests, 
however, that the original assumption is reasonable. The 
mean relationship between ~xid.C and LOI yields 
oxid.C = 39% of LOI, or using a conversion factor from 
oxid.C to organic carbon (org.C) of 1.3 (Bremner and 
Jenkinson, 1960) gives org.C = 51% of' LOI. This approxi-
mates a conversion factor of' 1.96 for org.C to OM, as 
compared with a commonly accepted figure of 1.74 (Hallsworth 
and Wilkinson, 1958). 
Similar levels of organic matter (to a depth of' 
0.76 m) oocur in Ho 1 and I(y) 1; organic matter then 
increasing with age of' the soil to a maximum at Ah 1. 
This is followed by a decrease at an approximate rate of 
.... 1 -1 ( .) . tt loss of 2 kg ha year F1gure 7. The organ1c ma er 
level at site Ah 1, deliberately located at maximum 
distance f'rom the surrounding trees, is likely to be 
exceeded in other tesseras. Comparing sites I(o) 1 and 
I(w) 1 shows that restricted drainage results in a 
considerably increased level of organic matter accumulation. 
Depth f'unctions of organic matter accumulation are 
shown in Figure 8. The Hokitika and Ikamatua soils show 
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a decrease in organic matter levels with depth. After an 
initial decrease Ah 1 shows an increase in the lower 
horizons. Similar increases are shown by the two gley 
podzols. Examination of loss-on-ignition and oxidisable 
carbon values (Table ), and Tan (1971), respectively) shows 
that 'the higher organic matter level of the Ah 1, B) 
results from the increased density of the horizon, and that 
of the Ku 1, BhG f'rom a substantial increase in organic 
matter content that is sufficient to overcome a decrease 
in density, whereas that of the Ok 1, BG results from an 
increase in both density and organic matter content. The 
rather low organic matter level of' the Ku 1, A horizon 
is related to the low density of that horizon. The 
proportion of' the organic matter that is present in the top 
half of each tessera decreases with time from 90% in Ho 1 
to 50% in Ku 1. 
Much of the organic matter present in these soils is 
probably comple~d with cations and with hydrous oxides 
of' Al and Fe, and is likely to have played a signif'icant 
role in the loss of Al and Fe from upper horizons during 
soil genesis. This conclusion is supported by the highly 
significant correlation coefficients (0.1% level) between 
loss-on-ignition and pyrophosphate-extractable Al and Fe 
(Table 2), and by the low values obtained throughout the 
sequence for the CEC of' the organic fraction (Chapter 3; 
III, ( t ), ( d» • 
Zinke (1962) has pointed out that variations in the 
distribution of' bark and leaf litter may cause differences 
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in organic carbon contents o~ soi1s with respect to 
distance ~rom tree stems. Gersper and H010waychuk (1970b) 
report a progressive decrease in organic carbon content 
o~ A horizons with distance ~rom an American beech. In 
contrast to the present study they observed a decrease in 
the quantity o~ 1itter on approaching 1iving trees. They 
th~s attributed the observed trend in organic carbon 
va1ues to carbon additions ~rom ste~10w waterp and to the 
more anaerobic conditions existing next to the stem. 
(3) Soi1 Separates 
V01ume-weights o~ soi1 separates, and o~ organic 
and inorganic components are presented in Tab1e 6. Simi1ar 
tessera weights o~ soi1 (kg ha-1 ) to a depth of 0.38 m 
occur at the Ho 1 and I(y) 1 sites. The greater weight 
of materia1 between 0.38 and 0.76 m in the ~ormer tessera 
resu1ts ~rom a 1arge increase in the quantity o~ stones, 
a depositiona1 ~eature. Tessera weights o~ soi1 to both 
depths then decrease with age unti1 Ah 1, and then increase 
substantia11y. The I(w) 1 tessera contains on1Y56~ and 
68~ of the weight o~ soi1 present to depths o~ 0.38 and 
0.76 m, respective1y, in the comparab1e ~ree1y-drained 
I( 0) 1. 
Wa1ker (1965) notes that as accumu1ation of organic 
matter causes soi1 v01umes to increase (Dickson and 
Crocker, 1954; and Wa1ker and Adams, 1958 and 1959) 
examination o~ percent,age compositions cou1d 1ead to the 
misinterpretation o~ soi1 processes. He makes a p1ea 
~or samp1ing soi1s by v01ume when considering pedogenic 
processes. 
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In the present study the incorporation of organic 
matter, and the presence of large quantities of hydrous 
oxides of Al and Fe (Chapter 3; IV, (3)) leads to the 
development of loose-textured, fine granular and crumb 
structures. This causes a decrease in density and an 
upward expansion of the original soil volume. The 
maximum expression of this effect is seen in the I(w) 1 
and Ah 1 tesseras, where the quantities of inorganic 
material present in each tessera show minimum values for 
the sequence (Figure 9). 
Beyond Ah 1, loss ot organic matter and of hydrous 
oxides has led to destruction of soil structure, and 
resulted in compaction and the development of dense, 
impermeable horizons. A consequence of this collapse 
in soil volume is a considerable increase in the quantity 
of inorganic material in a given volume; the Ok 1 tessera 
actually containing more than 1.5 times that present in 
Ah 1 (Figure 9). 
If a soil is expanding upwards sampling to constant 
depth at each successive stage results in the exclusion 
of increasing quantities of material that would have been 
present in the original volume. Losses from the system, 
expressed either in absolute units, or as a percentage of 
the amount originally present, will tend to be overestimated. 
This situation exists between Ho 1 and Ah 1. Conversely, 
if compaction occurs sampling to constant depth would 
lead to inclusion in later stages of material that was 
below the depth of sampling at an earlier stage. Losses 
from such systems may be underestimated, and elements 
10~t at comparatively slow rates may actually appear to 
accumulate. To overcome these errors and determine 
absolute gains and losses resulting from soil development, 
it would be necessary to sample at each stage to the 
depth that the original volume then occupied, or, 
alternatively, to be able to deduce the original weight 
and composition of the material that now occupies each 
sampled volume. These approaches would distinguish 
between actual gains, and apparent gains where an element, 
such as 8i in the present study, that is lost from the 
system at a slower rate than" m~y other components, by 
forming an increasing percentage of an increasing total 
weight of inorganic material in the constant volume, 
appears to be accumulating. Attempts are made (Chapter 3; 
III, (2» to determ;ne actual gains and losses of total 
elements with time. The factors so derived could, if 
reqUired, be applied to the other quantitative analyses 
presented in this thesis. 
\ 
(4) Mechanical AnalYsis 
Mechanical analysis data for the chronosequence 
soils are recorded in Table 7 and summarised in Figure 10. 
This diagram also demonstrates the effeots of the differ-
ing quantities of soil in the various tesseras. Comparison 
of the approximate values obtained from deferrated samples 
used for mineralogical analyses with those obtained by 
the International pipette method (data supplied by Mr E.J. 
B. Cutler) shows that a satisfaotory separation was 
achieved with the former samples. The low clay 
percentages obtained by the pipette method for Ah 1 p AB 
and B21 horizons suggest difficulties in obtaining 
complete dispersion. 
There is an increase in clay contents (%) with 
soil development to Ku 1, followed by a decline to Ok 1 
Figure 11}. Clay contents deorease with depth in all 
soils except Ku 1, where the maximum clay percentage 
oocurs in the ~G horizon, and .Ok 1 where clay oontent 
increases with depth to reach a maximum in the B3G 
(Figure 12). Only 7% of the total clay occurs in the 
fine clay fraction (<: 0.2 pm) in the A horizon of Ok 1 , 
compared with 32% and 43% in the corresponding horizon 
of Xu 1 and.Ah 1, respectively. 
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If allowance is made for variations in density with 
depth, and depth functions of clay examined on a volume-
weight basis (Figure 13) several changes become apparent. 
The most obvious of these is that the Ah 1 profile now 
resembles that of the two older gley podzo1s and differs 
from those of the remaining yellow-brown earths. Its 
maximum clay content now occurs in the B3 hOrizon and 
not in the A. As it is generally considered that 
increasing clay oontent is associated with increasing 
soil development, the decline in clay content between 
Ku 1 and Ok 1 and the relatively low clay levels in the 
surface horizons of these soils and of Ah 1, require 
explanation. While eluviation of clay is a possible 
mechanism to explain the increasing clay content with 
de~th in the freely-drained Ah 1, clay destruction from 
exposure to organicchelates and low pH conditions over 
a considerable period is a more likely cause of the low 
clay levels, particularly within the fine clay fraction, 
now found in the surface horizons of the poorly-drained 
gley podzols. 
Silt contents increase throughout the sequence, while 
with the exception of the I(o) 1 profile and the lower 
0.38 m of Ok 1 there is a decline in the coarse sand 
fraction with time (Figure 11). Both of the anomalous 
values can be attributed to coarser textured parent material. 
The Ok 1 C horizon contains the disintegrating remains of 
strongly weathered stones, whereas stones are absent from 
the comparable depth of Ku 1. The increases in the 
levels of silt and clay are at the expense of the coarse 
sand fraction. The relative positions of the 0.38 and 
0.76 m,curves in Figure 14 shows ,the deeper penetration 
of soil development with time. 
Although a low sand and high clay content occur in 
the 0 horizon at Ah 6, no co~sistent trends occur with 
increasing distance from either living beech tree or the 
decaying beech stump (Tables 8 and 9). 
III. 
The data presented in this section deal with cation 
exchange properties, including base saturation and the 
levels of the more important exchangeable cations, total 
elemental analyses, and oxalate- and pyrophosphate-
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extraotab1e A1,and Fe, phosphate retention and the 
Fie1des and Perrott test. 
(1) Cation Exohange Properties 
Cation exohange data are set out initially in 
Tables 10-12. Data for the ohronosequenoe, oonverted 
to a volume-weight basis appear in Table 13. The main 
trends apparent from thes~ tables are illustrated in 
Figures 15 - 29. 
(a) cation ExohanGe Capaoity. Cation exohange 
capaoities of the ohronosequenoe soils to a depth of 0.76 m 
(measured at pH 7.0) show an initial deo1ine from 
6.0 x 108 me ha-1 (Ho 1; 0.76 m) to 5.4 x 108 me ha-1 at 
I(Y).1, rise to a maximum value of 1.0 x 109 me ha-1 at 
Ku 1, before again deo1ining. The ohanges beyond Ah 1 
are largely oonfined to the lower half of eaoh tessera, 
while the initial deorease in CEC is oontinued as far as 
Ah 1 in the upper 0.38 m of' the tessera. Values obtained 
from I(w) 1 are oonsiderab1y higher than those of I(o) 1, 
and exoeed those of Ku 1 (Figure 15). The higher 
organio matter oontent of I(w) 1 (Figure 7) and the 
presenoe of expanding 2 : 1 layer si1ioates in the upper 
part of the profile (Chapter 3; V, (3» are responsible 
for the higher CEC values obtained at this poorly-drained 
site. Although highly signifioant (0.1% level) oorre1a-
tions o,oour between CEC aild both 10ss-on-igni tion and % 
oxidisable oarbon (Table 2) the variation of CEC with time 
(Figure 15) does not olose1y resemble the aooumu1ation of 
organic matter (Fi~re 7). The dependenoe of CEC on the 
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levels of organic matter, cl'y and silt will be discussed 
later in t~is section. 
CEC depth functions (Figure 16) decrease with 
distance from the surface for Ho 1 and the several 
Ikamatua soils., Ah 1 and Ok 1 show increases in the subsoil 
after initial decreases, whereas Ku 1 shows an increase 
with depth to reach a maximum in the ~G horizon. These 
functions clos~ly resemble those for organic matter (Figure 8). 
Horizons that show anomalously high CEC values as compared 
with their organic matter levels (e.g. the gleyed horizons 
of I(w) 1, and the G and BhG horizons of Ku 1 contain 
expanding 2 : 1 layer silicates (Chapter 3; V, (3». 
CEC values for both the upper and B21 horizons sampled 
along Transect 2 increase towards both living trees. 
Values decrease with depth, and are particularly high in the 
upper horiZons at Ah 6, 7 and 9. Only the upper horizons 
show a similar trend towards the decaying stump along 
Transect 1. The anomalously low value shown by the A2 
horizons at Ah 5 reflect their comparatively low organic 
matter contents. 
In their study Gersper and Holowaychuk (1970 a and b) 
found a progressive increase in CEC towards a beech tree 
in the A horizon, and a progressive decrease in the B2 • 
They attributed the changes in the upper solum to increases 
in both organic matter and clay, and showed that the 
decrease observed in the B2 correlated with a decline in 
clay content. 
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(b) Exchangeable Nat ,Ms. Al, X, Ca. and Fe. 
Variations in the weights of exchangeable Na, Mg, Al, X, 
Ca and Fe per tessera throughout the sequence are 
illustrated in Figure 17. The levels of these exchange-
able cations, e~cepting Fe, are highly correlated (1~ 
level) with CEC (Table, 2). The tessera weights of the 
four basic cations (Na, Mg, K and Cal decline with 
increasing soil development to reach minimum values at 
Ab. 1 • This decline results from decreases both in CEC 
and in the bulk density of the soil, and from increased 
competition for lattice sites by Al species and H30+. 
Subsequently, in Xu 1, an increase in bulk density, and 
higher clay contents in the lower solum that are dominated 
by expanding clays, rather than by the 2 : 1 - 2 : 2 Al-
intergrades of the younger soils (Chapter 3; V, (3» 
cause increases both in CEC and in the quantities of the 
basic cations. A fall in the amounts of organic matter 
and of clay to Ok 1 is responsible for the observed drop 
in CEC and in the quantities of the basic cations other 
than Na. 
Exchangeable Al (Al displaced by Molar KC1) has 
been assumed to be present as the hydrated, trivalent 
Jackson (1963a) indicates that the 
'\ 
lower concentrations of the monovalent and divalent 
monomers, [Al(OH)2(-OH2 )4J + and [Al(OH) (-OH2 )SJ 2+ 
respectively, and their greater ease of displacement from 
lattice sites, should limit their presence in acid soils 
(pH'< S. 0) to insignifioant amounts. Exchangeable Fe 
has been assumed to be present as the equivalent trivalent 
ion, :p! ( -OH2 ) 6'3+ • 
Exc~angeab1e A1 shows a highly significant negative 
correlation (1% level) .with soil pH (Table 2). The 
decrease in exchangeable A1 that occurs between I(y) 1 and 
Ah 1 (Figure 17) is a function of an even larger decrease 
in CEC (Figure 1 5-') • Thro~ghout this period base saturation 
decreases (Figure 18) and exchangeable A1 forms an increasing 
prop~rtion of CEC. The increase in exchangeable A1 to 
Ku 1, and the subsequent fall to Ok 1 are related to the 
substantial subsoil changes in CEC. 
Exchangeable Fe, unlike exchangeable A1, does not 
correlate with soil pH. The relatively high quantities of 
exchangeable Fe (to O~76 m) from I(o} 1 to Ku 1 suggests 
that Fe becomes mobi1~ rather earlier than does A1. 
W~th the exception of Fe in the lower half of the 
tessera, weights of the exchang~able cations are higher 
in I(w} 1 than in I(o} 1. This results from the higher 
CEC of the poorly-drained spi1. 
The order of abundance of the four basic cations 
(me ha-1 ) in Ho 1, the youngest soils of the sequence, is 
Ca> Mg> K> Na. This has altered to Ca> Mg> Na> K 
by Ku 1 and to Ca"> Na"> Mg> K in Ok 1 • The increasing 
impQrtance of Na can be explained by the higher atmospheric 
returns of this e1eme~t, and by the abundance of the Na-
rich feldspar,. albite, in the parent material. The 
relative stability of this mineral has resulted in its 
survival in the coarser sand fractions of all horizons of 
both gley podzols. 
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Analyses of rainwater samples collected near the 
confluence of the Taipo and Taramakau Rivers, (29 km from 
the sea) show present-day levels in solution of 0.6, 0.08, 
0.07 and 0.04 ppm for Na, Mg, K and Ca, respectively 
(Mr A.H. Horn, Soil Science Department, Lincoln College, 
pers. ~omm.). If the levels at Reef ton, 14 km further 
inland, are assumed to be of a similar order atmospheric 
, , 
4 6 -1 -1 returns of 11. ,1.52,1." and 0.7 kg ha year of Nap 
Mg. K and Ca would occur. If returns of this order had 
occurred throughout the entire period of soil development 
they would represent additions of 5 (Ca) to 275 (Na) times 
the losses of exchangeable bases that occurred between 
I(Y) 1 a,nd Ah 1, and 44 (Ca) to 2.5 x 10' (Na) times the 
actual gains from Ah 1 to Xu 1. 
Depth functions for the various exchangeable cations 
are presented in Figures 19-24. Exchangeable Mg, K and Ca 
tend to decrease with depth, and1 in the yellow-brown earths, 
with the duration and intensity of leaching. Increased 
subsoil levels of Mg and Ca occur 'in Ku 1 • Exchangeable 
A1 also decreases with depth in the freely-drained ye110w-
brown earths, but increases to maximum levels 0.2 - 0.5 m 
from the surface in the three poorly-drained soils. 
Exchan~eab1e Fe, and the mobile exchangeable Na exhibit 
no obvious trends with depth. Levels of all six exchange-
able cations correlate significantly with % oxidisab1e 
carbon and wi;th', 10ss-on-igni tion (Table 2), but only 
exchangeable Na and A~ correlate with % clay. Thus the 
variations in organic matter levels with depth are largely 
responsible ~or the Qbserved exchangeable cation depth 
functions. 
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Simple linear regressions between exchangeable and 
total Mg, Al, K, Ca and Fe yield non-signi~icant correlations. 
Highly signi~icant correlation coe~~icients (0.1% level) 
were obtained ~or linear regressions involving any pairings 
o~ ~xchangeable'"Naf" "Kg; K ~d :Ca, while exchangeable Al 
correlatedon1y with exchangeable Na (5% level). Exchange-
able Fe showed no correlations with the other exchangeable 
cations, (Table 2). 
The e~~ects o~ pedogenesis on the proportions of total 
Mg, Ca, X,Al and Fe that are present as exchangeable 
cations are shown in Fi~res 25 - 27. For each ion the 
proportion is always greater in the upper hal~ of the 
tessera. Exchangeable Mg, K and Ca exhibit similar trends, 
with an initial drop from Ho 1 to I(o) 1 being ~ollowed 
by rises that surpass the original values. Some 4% o~ 
total K, 7% o~ Mg and 26% of Ca in the upper 0.,8 m of the 
Ok 1 tessera are present as exchangeable ~orms. Exchange-
able Al and Fe reach maximum values of 1.7 and 0.53% o~ 
the respective total elements in the upper half of the Ku 1 
tessera. The proportions o~ total elements present as 
exchangeable forms in I (w) 1 exceed the values ~oWld in 
I(o) 1 by ~actors ranging ~rom 2.7 (X) to 10 (Ca). 
Levels o~ exchangeable Na (excepting Ah 7, 0 horizon), 
Mg, K and Ca (again excepting Ah 7, 0 horizon) increase 
towards both living trees along Transect 2 (Table 12), but 
show no consistent trends along Transect 1 (Table 11). 
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Exchangeable Al levels do not vary regularly along either 
transect. The observed fluctuations probably reflect 
variations in the returns frolQ canopy drip, stemf'low and 
decay of organic matter. 
Gersper and HolowavchUk(1970 b and 1971) have shown 
that stemflow water caused exchangeable K to decrease, and 
exchangeable Mg and Ca to increase, with distance from trees. 
They surmised that the higher ratio of stemflow K to soil 
exchangeable K, as compared with the comparable Ca ratio 
accounted for their rather strange result. 
(c) Base Saturation. The sum of exchangeable Na, 
Mg,K and Ca,has been assumed to represent total exchange-
able bases (TEB). Trends in TEB during soil development 
(Figure 15) resemble those shown by CEC, but the initial 
decline is greater. Variations of TEB with depth 
(Figure 28) show, with the exception of Ku 1, a tendency 
to decrease with depth. The Hold tika, Ikamatua and 
Ahaura soils all show the very low subsoil values 
characteristic of lowland yellow-brown earths (Metson and 
Blakemore, 1968). Comparison of the TEB values of the 
surface horizons of these soils indicates that decreases 
in TEB are associated with the duration and intensity of 
leaChing. TEB values for the gley podzols exceed those 
of the younger Ah 1. The presenceo.f expanding clays, 
relatively high atmospheric returns in relation to the 
levels present, and the restricted drainage of the gley 
podzols would account for these increases. 
The decrease ~ base saturation from 50~ (to 0.38 m) 
and 46% (to 0.76 m) at Ho 1, to 10% at Ah 1 (Figure 18) 
arises from a larger fall in TEB than in CEC. The 
subsequent increase to Ku 1 reflects a proportionately 
greater increase in TEB, while the further increase to Ok 1 
arises from a drop in CEC of the top 0.38 m, and a 
proportionately greater drop in CEC in the lower half of 
the tessera. 
The general trend shown in base saturation depth 
functions (Figure 29) is for an initial decrease with depth 
from the surface to be followed by an increase in some 
lower horizon. The strongly leached Ikamatua and Ahaura 
soils show values of 18 - 23~ in the surface horizons p 
while the three poorly-drained soils yield values of 28 -
42%. 
Base saturation values are highest in the surface 
horizons at all sites sampled along both Ahaura transects. 
Thus at each site, the horizon of lowest pH has the highest 
base saturation. Similar results are reported by Gersper 
and Holowaychuk (1970b), who also observed that there was 
a progressive inward decrease in base saturation towards 
the tree stem. No such trend was observed for the Ahaura 
transects, but only three of the sampling sites were 
located< 2.0 m from the stem of a living tree, or decaying 
remains. 
Several workers have examined the relationship 
between sOil'pH and base saturation (Puri, 1930; Pierre 
and Scarseth, 1931; Conrey and Green, 1932; and Mehlich, 
1941). Some found high correlations between these two 
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soil properties while others did not. Jenny (1 941) . 
postulated tha~ control of the soil-forming factors should 
improve correlations among soil properties, and in a 
later work Blosser and Jenny (1971) demonstrated very low 
correlations between the two properties for 80 soils 
collected at random over a wide area, but found very high 
correlations when soils from the same area were selected 
according to soil-forming factors. 
Soil pH was not significantly correlated with base 
saturation for either the c~ronosequence (r = -0.130) or 
transect (r = -0.148) soils, Some improvement was 
obtained by subdividing the chronosequence samples into 
upper (above the B) and lower (B and below) horizons p 
but only the former grouping yielded a significant (5% 
leve1, r = -0.685) correlation. Subdivision of the 
chronosequence samples into yellow-brown earth and gley 
podzol groupings also yielded higher correlation coefficients, 
but only the one for the latter was significant (1% level, 
r = -0.791). The low correlation coefficient (r = 0.155) 
shown by the upper horizons of the Ahaura transects, as 
compared with the significant correlation (5% level, 
r = 0.684) for the B21 horizons suggests that variations 
in soil properties that are a function of distance from 
the nearest red beech tree or stump may be more strongly 
expressed in the upper horizons. 
(d) Cation Exchange Capacity as a Function of 
Organic Matter, Clay and Silt. It is generally recognised 
that the clay and organic matter fractions are responsible 
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for most of the CEC of soils. Several investigators have 
. . 
shown, however, that the silt and sand fractions of some 
soils. can make a significant contribution (Joffe and 
Kunin, 1943; Coleman and Jackson, 1945; Karim and Islam, 
1956; McAleese and Mitchell, 1958; LeRoux, Cady and 
Coleman, 1963; Tedrow, 1966; and A1exiades ~!!. 1973). 
To fully explain cation exchange pbenomena it is 
necessary to quantitatively assess the relative importance 
of the organic and inorganic soil components. Attempts 
to obtain this information directly involve the removal 
of one of the components (Baver, 1930; McGeorge, 1930; 
Williams, 1932; Bartlett, Ruble and Thomas, 1937; Kelley 
and Thomas, 1942; Davies and Davies, 1965; and Clark 
and Nichol, 1968) or the use of an exchange reaction 
specific to a single component (Addiscott, 1970). 
Objections to the use of chemical extractions are 
that the reactions involved may be incomplete or cause 
degradation of the other component (Kelly, Dore and Brown, 
1931; Olson and Bray, 1938; Farmer and Mitchell, 1963; 
and Douglas and Fiessinger, 1971). Evidence exists that 
the CEC values obtained may depend on the method of 
extraction (Mitchell, 1932). Studies by Roth!! !!. 
(1968), and Roth, Jackson and Syers (1969) have shown 
that the CEC's of vermiculite, nontronite, biotite and 
muscovite were not affected by peroxidation and prompted 
Syers, Campbell and Walker (1970) to suggest that the 
effect of H20 2 on the CEC of clay minerals had been 
overestimated. The latter authors also found a high 
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correlation between CEC of peroxidised samples and clay 
content which they claimed indicated the complete removal 
of organic matter, or the negligible CEC of residues. 
Comparison of the areas of the relevant peaks on DTA 
thermo grams both before and after 14 days treatment with 
hot 30% H20 2 showed, however, that much of the original 
organic matter survived in some samples from the present 
study. 
other investigations have shown that the CEC of 
organic and inorganic soil fractions is not necessarily 
additive. The blocking of exchange sites through the 
formation of clay-humus complexes would yield lower whole . 
soil CEC values than the sum of the CEC's of the two 
c~m~o~ents (Meyers, 1937; and Syers, Campbell and Wa1~er, 
1970), whereas the higher whole soil values reported by 
Broadbent (1955) suggest degradation of one or both 
components during isolation. 
Sin?~ the problems outlined above can only be avoided 
by determining the contributions of the clay and organic 
fractions to soil CEC on intact samples, the use of 
multiple regression ~a1ysis has been adopted by many 
investigators, (Baver, 1930; Williams, 1932; Ha11sworth 
and Wilkinson, 1958; Mohamed and Gohar, 1960; Helling, 
Chesters and Corey, 1964; Wilding and Rutledge, 1966; 
Yuan, G~on and Leigh~y, 1967; stevens, 1968b; McLean 
and Owen, 1969; Adams, 1970; Syers, Campbell and Walker, 
" . 
1970; and Wright and Foss, 1972). Wilding and Rutledge 
(1966) have criticised the use, in regression analyses, 
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of soils that differ widely in physical, chemical and 
drainage characteristics. Since, by definition, all soil 
forming factors other than time are held constant or 
ineffectively varying in a chronosequence, Syers, Campbell 
and Walker, (1970) have indicated that their examination 
offers a unique opportunity to study the relative 
contributions of organic carbon and clay to CEC. The 
chronosequence examined in the present study which is of 
greater age, and which has been more intensely leached 
and weathered than that investigated by Syers and his 
co-workers, shows, however, marked changes in both clay 
mineralogy and soil drainage between the younger and older 
members. The effect of these variations on the use of 
regression analyses to examine CEC as a function of organic 
matter and clay was examined by considering the soils of 
thechronosequence as a whole, and in appropriate sub-
groupings. The soils of the Ahaura transects were 
considered separately as differences between them would 
be a function of the biotic factor, rather than of time. 
Relevant data for the chronosequence (excluding 
I(w) 1), and transect samples are summarised in Tables 
14 and 15, respectively. Simple regre~sion analyses 
involving % oxidisable carbon (chronosequence) and loss-
on-ignition (Transects) with CEC are presented in Tables 
16 and 17. Highly significant correlations (0.1% level) 
occur between oxidisable carbon and CEC for all groupings 
except the gley podzols which contain higher contents of 
expanding 2 : 1 layer silicates (vermiculite and 
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montmorillonite) than the younger, ~reely-draining soils. 
Approximately 60% o~ the variability in CEC o~ the 
chronosequence soils (considered as a whole) could be 
attributed to di~ferences in oxidisable carbon levels. 
As more than 90% o~ the variation in CEC o~ the transect 
soils could be explained ~rom variations in loss-on-
ignition (~M) it appears that ~airly accurate estimates 
o~ the CEC, at least of the upper part of the pro~ilep at 
di~~erent locations on the ~reely-drained parts o~ the low 
glacial outwash terrace, can be based on this property 
alone. 
Highly signi~icant correlations were also obtained 
between % clay and CEC ~or the three all soils groupings, 
and ~or the yellow-brown earths. Subdivision o~ the latter 
group resulted in lower correlation coe~ficients, signifi-
cant only at the 5% level. The relationship was not 
signi~icant for the gley podzol grouping or for the Ahaura 
transects. Correlation coe~ficients between % clay and 
CEC were always lower than those involving oxidisable 
carbon or loss-on-ignition and CEC, but use of % clay 
in the simple regression equation accounted ~or a higher 
proportion of the variability in the CEC of all seven 
chronosequence groupings (Table 18). Simple regression 
analys~s between % oxidisable carbon or loss-on-ignition, 
and % clay yielded non-signi~icant correlations with the 
exception o~ the all soils, yellow-brown earth and upper 
horizons yellow-brown earth groupings. 
Multiple regression and correlation measure the 
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relationship between two or more independent variables 
(in this study % oxidisable carbon, or loss-on-ignition, 
% clay, and % silt) and a dependent variable (CEC). The 
multiple regression equation is o~ the ~orm: 
where Y = the estimated CEC in me/100 g soil, and 
x1 ' X2 and X3 are the percentages o~ oxidisable carbon, 
(~r l~ss-on-ignition), clay, and silt, respectively; 
Y, i1 '.X2 and i3 are the m~ans o~ the above properties; 
and b 1 , b 2 and b 3 are partial regression coe~~icients ~or 
the three variables X1 , X2 and X3 ' respectively. The 
equation may be written in the ~orm: 
a, indicates the value that the CEC would have i~ all the 
independent variables equalled zero. The partial 
regression coe~~icients, b 1 , b 2 and b 3 , represent CEC in 
terms o~ me g-1 for oxidisable carbon, (or organic matter 
if loss-on-ignition used), clay and silt. The equation 
assumes a linear response o~ CEC to each o~ the independent 
variables, and that there are no interactions between 
them. These assumptions are not completely valid since 
clay-organic matter complexes exist in soils (Greenland, 
1971, is a recent review). Multiple regression 
equations ~or the chronosequence samples are presented 
in Tables 19 and 20, and ~or the transect samples in 
Table 21. 
Application o~ an F-test showed that the use of 
both % oxidisable carbon and % clay to predict CEC 
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(Table 19) gave no significant improvement over the use 
of % oxidisable carbon alone (Table 16) for both the upper 
and lower horizons of the yellow-brown earths, but was a 
significant improvement (5% level) for the upper horizons 
of the all soils grouping, and a hi~hly significant 
improvement (1% level) for the remaining groups. The 
additional inclusion of % silt in the regression equation 
(Table 20) afforded a further significant improvement in 
the ability to predict the CEC in only two groupings, 
the yellow-b~own earths and the upper horizons of the 
all soils group. A t-test was used to test the significance 
of the partial regression coefficients. Significant 
(5% level) values were obtained for the b 1 coefficient for 
the upper horizons of both the all soils and yellow-brown 
earth groupings, and highly significant (1% or 0.1% levels) 
values for the re~aining b 1 coefficients. Non-significant 
values were obtained for more than half the b 2 and for all 
but one of the b J coefficients. The results of these 
analyses indicate that % silt should not be included in the 
regression equation, and that Table 19 should be preferred 
to Table 20. F-tests also showed that the use of multiple 
regression (Table 21) was not a significant improvement 
over the use of loss-on-ignition values alone (Table 17) 
in predicting the CEC of the transect soils". 
The multiple coefficient of determination (R2) 
values show that all the regression equa;ions listed in 
Tables 19 and 21 are highly significant (1% level), and 
that 87% and 94% of the variation in CEC of the 
chronosequence and transect soils, respectively, may be 
predicted from their organic matter and clay contents. 
The average relative contributions of oxidisable 
carbon and clay to total soil CEC are expressed by the 
partial regression coefficients. Thus it follows 
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(Table 19) that each gram of oxidisable carbon contributes 
1.97 ± 0.23 me and each gram of clay 0.42 + 0.10 me to 
the CEC of the chronosequence soils. If it is assumed 
that oxidisab1e carbon forms 77% of organic carbon 
(Bremner and Jenkinson, 1960), and that organic carbon 
const~tutes 58% of organic matter (Hallsworth and Wilkinson, 
1958), the mean CEC of organic matter for the chronosequence 
soils is 88 ! 10 me/100 g, a value lower than the range 
100 - 400 me/100 g usually reported for soil organic matter. 
The low value will, in part, be caused by non-humified 
components, but it is likely that some of the negative 
char.ge on the organic matter is blocked or neutralised by 
complex formation involving hydroxy forms of.' Al and Fe 
(Walker, 1956). Clark (1964) has shown that removal of 
such fixed Al and Fe from exchange sites is a slow process, 
and that prolonged leaching with molar potassium acetate 
would be necessary to determine the total exchange capacity 
of soils containing fixed forms of.' these elements. 
The CEC of the organic matter of the yellow-brown 
earths (110 :!: 15 me/100 g) is higher than that of the older 
gleypodzols (81 :!: 20 me/100 g). Similarly the CEC of the 
organic matter from the lower horizons (119 + 28 me/100 g) 
exceeds that of the upper horizons (71 + 24 me/100 g) for 
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the all soils group. F-tests f'ollowed by t-tests show 
that the dif'f'erences between the respective means are 
highly signif'icant (Oo1~ level). Dif'f'erences between 
the means f'or the CEC of' organic matter f'rom the upper 
and lower horizons of' the yellow-brown earths (94 ! 21 
and 107 1: 24 me/100 g, respectively) were not signif'icant. 
The lower values shown by the upper horizons and by the 
older soils may indicate increased comp1exing of' organic 
matter with A1 and Fe, and/or changes in the chemical 
composition of' the organic matter. Tan (1971) has 
reported progressive increases in C/N and C/organic P 
ratios with increasing soil development throughout the 
Reef'ton chronosequence. The partial regression coef'f'icients 
f'or clay are considerably lower than those f'or oxidisab1e 
carbon (Tables 19 and 21). A mean of' 42 + 10 me/100 g is 
obtained f'or the CEC of' the clay f'raction of' the chrono-
sequence soils. If' the ye110w~brown earths and gley 
podzo1s are considered separately values of' 16 + 14 and 
63 .:t 16 me/100 gj respective1Y9 are obtained. The higher 
levels of' vermiculite and montmorillonite in the clay 
f'ractions of' the gley podzo1s (Chapter 3; V g (3» account 
f'or these dif'f'erences. The regression equation f'or the 
transect soils (Table 21) indicates mean contributions to 
the CEC of' 127 ~ 6 and 8 ! 39 me/100 g f'rom the organic 
and clay f'ractions, respectively. standard errors (listed 
in Tables 19 and 21) indicate that f'or both the chrono-
sequence and transect soils, the CEC of' the organic matter 
f'raction was less variable than that of' the clay. 
The relative contributions of the clay and organic 
fractions to the CEC of the chronosequence and transect 
soils were obtained using the partial regression 
coefficients and the mean oxidisab1e carbon (or 10ss-on-
ignition) and clay percentageso The values obtained 
relative to the 'explained' portion of the CEC are also 
presented in Tables 19 and 21. The organic fraction is 
sh"bwn to be the major source of the CEC of the transect 
soils. The data for the chronosequence soils show that 
the organic fraction makes four times the contribution of 
the clay fraction to the CEC of the yellow=brown earthsp 
but that in the gley podzols the contribution of the clay 
fraction has become twice that of the organic 0 Averaged 
over the sequence as a whole the two fractions make similar 
contributions. 
Positive values of the regression constant v a Q 
(Tables 19 and 21) represent the portion of the CEC not 
attributed to organic matter or clay. Some of this 
'unexplained' CEO may be due to the coarser fractions p but 
inclusion of silt contents in the regression equations 
(Table 20) led to larger 9 not smaller values of the constant 
for over half the groupings listed 9 and yielded non-
significant partial regression coefficients for % silt in 
all but one of the groupings. Reduction of the CEC of 
the clay or organic fractions through complex formation? 
or charge blocking 9 should reduce the value of the 
regression constant p the value of which will also be 
affected by any non-linearity near the origin. 
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The value of multiple regression equations in 
predicting CEC is further demonstrated in Figures 30 and 
31, which illustrate the relationship between predicted 
and actual CEC for the transect and chronosequence soils, 
respectively. Four transect samples (Ah 49 A2 , Ah 5 p 
A21 and A22 ; and Ah 6 p A2 ) yield CEC values substantially 
higher than those predicted from their organic matter and 
clay contents. The horizons involved all contain 
relatively high clay contents dominated by montmorillonite~ 
The CEC/g of clay would thus be greater than average for 
these samples. Since a wider range of soils is involved 9 
the scatter diagrams for the chronosequence soils shows 
greater variations than that for the transects. With the 
exception of those Ku 1 horizons containing high expanding 
phyllosilicate contents 9 the Ahaura and older soils show 
lower actual CEC values than those predicted by the regression 
equation p while the younger soils, in general p exhibit the 
reverse effect. The major factor controlling this 
distribution pattern would seem to be a progressive decrease 
in the CEC of organic matter with increasing soil develop-
ment. Although the number of samples involved per profile 
(5 - 6) is too low for too much reliance to be placed on 
the resultsp multiple correlation analyses show a progressive 
drop in the CEC of organic matter from 162 me/100 g in 
I(y) 1 to 61 me/100 g in Ok 1. McLean and Owen (1969) 
have also reported that the fixation of Al in non-exchange-
able forms by soil organic matter is related to the extent 
of weathering. 
(e) Effect of pH on Cation Exchange Properties. 
Numerous investigators (including Bradfield, 1924; 
Hissink, 1924; Davis, 1945; Hanna and Reed, 1948; 
Coleman, Weed and McCracken, 1959; Pratt, 1961; Pratt 
and Blair, 11962; Helling, Chesters and Corey, 1964; 
Middleton, 1965; L.eRoux and de Villiers 9 1966; and 
de Villiers and Jackson, 1967b) have reported increases in 
soil CEC with increasing pH within the pH range 3 - 8. 
Observation that CEC of soils appeared to be constant at 
pH values < 5 led Schofield (1939) to distinguish between 
"permanent" negative change arising from lattice substitution 
and variable or "pH-dependent" negative charge which he 
attributed to Si~OH groups. 
Pratt and Blair (1962) and Helling 9 Chesters and Corey 
(1964) showed that pH-dependent CEC was related to both 
organic matter and clay. Investigations by Martin and 
Re~~e (1960), Turner and Nicol (1962) and Snitzer and Gupta 
(1964) noted that Al and Fe complexes with organic matter 
exhibited weak acid properties and could contribute to pH-
dependent CEC. Clark (1964) suggested that the pH-
dependence of the positive charge of hydroxyalumina species 
held by weakly acidic (negative) organic functional groups 
could be responsible for the variable CEC associated with 
Al-organic complexes. Bhumbla and McLean (1965) observed 
that organic matter correlated with increases in CEC 
between pH 7.0 - 8.2, and that extraction of Al with KCl 
decreased pH~dependent CEC. They concluded that pH~ 
dependent CEC was related to hydroxyalumina as well as 
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to organic matter. In a subsequent study McLean, Reicosky 
and Lakshmanan(1965) showed that the pH-dependent CEC o~ 
the sur~ace horizons o~ seven Ohio soils was primarily 
associated with organic matter. The high correlation 
they ~ound between organic matter and Al extracted by 
ammonium acetate at pH 4.8 led them to conclude that the rise 
in CEC at higher pH was caused by the ~reeing o~ exchange 
sites on organic matter as complexed hydroxyalumina species 
were displaced and precipitated as Al(OH)3. Although 
conceding that these conclusions could be correct Sawhney, 
Frink and Hill (1970) indicated that direct evidence to 
support the hypo.thesis was needed, since deprotonation o~ 
hydroxyalumina species p or ot organic ~unctional groups; 
would yield the same pH-dependent CEC. In a comprehensive 
review, Coleman and Thomas (1967) indicated that PH-
dependent CEC had two components, the weakly dissociated 
functional groups o~ soil organic matter and the hydroxy-
alumina and Fe coatings and interlayers associated with 
clay minerals. Saw~ey, Frink and Hill (1970) proposed 
a method ~or determining the relative contributions o~ 
each o~ these components. They considered that any 
increases in CEC developed by the unblocking o~ exchange 
sites as hydroxy alumina and Fe coatings and interlayers 
were precipitated, as hydroxides would be permanent, 
whereas increases in CEC associated with deprotonation o~ 
organic functional groups would be reversible. In a 
later study Sawhney and Norrish (1971) demonstrated that 
kaolinite, halloysite, imogolite and allophane could 
con~ribute to the reversible component of pH-dependent 
CEC f whereas the pH-dependent char.ge on crystalline 
A1- and Fe- hydrous oxides was small. DeVi11iers and 
Jackson. (1967a and b) had previously demonstrated, 
however, that the pH-dependent CEC of both synthetic and 
organic-free (30% H20 2 ) naturally occurring aluminous 
ch10rites was reversible. Their use of synthetic materials 
in the latter work precluded the possibility of the effect 
being influenced by incomplete oxidation of soil organic 
matter. 
Several other workers have reported that volcanic 
ash soils containing a110phane possessed pH-dependent 
char.ge (Wada and Ataka, 1958; Aomine and Jackson, 1959; 
Fie1des and 5chofie1d p 1960; Jackson, 1965; and Hendricks, 
Whittig and Jackson, 1967), while Van ReeuwiJk and de 
Vi11iers (1968 and 1970) have reported similar behaviour 
by co-precipitated, amorphous, a1uminosi1icate gels. In 
their later paper these investigatiors postulated a 
structural model for a110phane in which a permanent negative 
charge, arising from isomorphous substitution of A1 for 5i 
within a tetrahedral framework, was partially blocked by, 
positively char.ged hydroxy alumina species. It is 
unfortunate that Van Reeuwijk and de Vi11iers (1968 and 
1970) did not determine if the pH-dependent CEC of their 
gel systems was reversible. Being free of interference 
from organic matter such systems should provide an ideal 
opportunity to confirm whether or not the pH-dependent 
CEC associated with hydroxy alumina is reversible over the 
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pH range 4.8 - 8.2. 
Organic matter has been shown to make a substantial 
contribution to the CEC of the yellow-brown earth members 
of the chronosequence. The high phosphate retention 
and oxalate-extraotable Al values, and the results obtained 
by the Fieldes and Perrott test, indicate that these soils 
also oontain high levels of hydroxyalumina. Consequently 
these soils should possess considerable pH-dependent CEC. 
As the CEC determinations obtained in this study (Tables 
10 - 12) were made at pH 7.0, the values obtained will be 
considerably higher than those existing at the field pH of 
the soils. As a consequence of this the base saturation 
values obtained are likely to be considerably lower than 
those actually existing in the field. In retrospect, it 
is concluded that in future studies, cation exchange data 
would be ~ore meaningful if measured at the field pH of 
the soils, rather than at the arbitrary value of 7.0. 
(2) Total Elemental Analyses 
Total element,al analyses for the chronosequence and 
transect samples are listed initially (as % of ignition 
residue) in Tables 22 - 25. Data for individual horizons 
of the chronosequence soils, oonverted to a volume-weight 
basis,- are then presented in Tables 26 and 27, and the 
tessera totals to depths of 0.38 and 0.76 m in Tables 28 
and 29. respectively. Profile depth functions, and the 
main trends occurring with time are illustrated in 
Figures 32 - 50. In these diagrams both actual and 
estimated (assuming entire volume of tessera oocupied by 
~2 mm material) values are presented. 
Levels (%) of total Mg, AI, K, Ca and Fe decline 
with increasing age of the soil (Tables 22 and 23), and 
with the exception of Al and Fe increase with depth from 
the surface. Aluminium levels tend to be highest in B 
horizons, but thQse of Fe show no consistent trends. 
Total 8i levels increase with the age of the soil, and 
decrease with profile depth. Maximum Ti levels would 
appear to occur between Ah 1 and Ku 1. Analyses of the 
~2 mm material (Table 23) indicate that, in general, this 
fraction contains higher levels of Mg, K and Ca, and lower 
levels of AI, 8i and Fe than are found in the finer fraction. 
Lack of volume-weight data limits the value l of the 
total elemental analyses along the Ahaura transects. The 
most significant feature observed in the transect data 
(Tables 24 and 25) is the very low Fe levels in the A2 
horizons at Ah 5. These values indicate that the loss of 
Fe from the upper part of the profile has been greater at 
the base of the decaying beech stump than at any other 
point along either transect. A low Fe level (2.89%) was 
also obtained from the A2 horizon at I(o) 2, also sited 
at the base of a large decaying beech stump. 
( -1 -1 ) The values kg ha cm horizon shown in the 
various depth functions (Figures 32 - 38) are controlled 
by variations in elemental composition (Tables 22 and 23) 
and .in bulk-density. The latter controls the weight of 
inorganic material in unit soil volume (Figure 39). The 
depth functions for total Mg, AI, K, Ca and Fe increase 
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with profile depth, and decrease with increasing age of 
the soil. The high values shown by the total Si and Ti 
depth fUnctions are caused by the relative 'accumulation' 
of these elements. Values for I{w) 1 are always less 
than for the comparable, but f~eely-drained I{b) 1. Part 
of this discrepancy is explained by the lower bulk-densities 
of the former profile, but the greatest difference, which 
occurs with Fe, is also a result of the mobility of this 
element under poorly-drained conditions. 
~ith the exception of the period from Ho 1 to 
I{y) 1, tessera weights of tot~l Mg, Al, K, Ca and Fe 
fall with increasing duration of weathering and leaching 
(Figures 40 - 44, respectively). The comparable values 
shown by all elements other than Ca, in the upper 0~38 m 
of both Ho 1 and I(y) 1 suggests that some of the material 
in the A horizon of the former soil may be pre-weathered, 
and have eroded from older surfaces. Parent material 
variation, or serious underestimation of the age of Ho 1, 
are less likely explanations. »ineralogical analyses 
(Chapter 3; V) suggest the parent materials are similar, 
while the AC profile morphology of Ho 1 indicates that its 
age could not approach that of I{y) 1. The fall in 
tessera weights of Si and Ti (Figures 45 and 46, 
respectively) between I{y) 1 and Ah 1 is caused by the 
steadily decreasing tessera weights of inorganic material, 
which overcomes, particularly for Si, the effect of 
increasing elemental levels (%). The subsequent increase 
in tessera weights of these elements beyond Ah 1 results 
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from increases in the elemental levels and in the bulk-
density of the soils. Tessera weights of all seven elements 
are l?wer in I(w) 1 than in I(o) 1. With the exception 
of Fe, most of the variation results from the former soil 
containing only 73% (to 0.38 m) by weight of the inorganic 
material present in the latter. 
Simple linear regressions between the various total 
element 1ev~ls (Table 2) yield highly significant correla-
tions (1% level) for all possible pairings except Ti v Al 
(non-significant) and Ti v Si and Ti v K (significant only 
at the 5% level). Correlation coefficients are negative 
for all pairings involving either of the two 'accumulating' 
elements, Si and Ti, except for the pairing of Si v Ti. 
The quantity of any element present in a soil volume 
at a particular time is the resultant of the quantity 
~erited from the parent material, plus gains from the-
atmosphere and returns from living·and decaying organisms, 
minus losses to growing organisms, to leaching and to 
mechanical means. Local variations in parent material, 
and in the soil volumes actually explored by the root 
systems of individual trees, and the localised gains 
and, leaching losses associated with stem flow, ensure 
that some variations in elemental levels can be expected 
within any given area. 
Table 30 lists the measured annual losses of seven 
elements (kg ha-1 ) to the constant depth of 0.38 m during 
various periods of soil development. To allow comparison 
of rerative rates of loss these absolute values are also 
expressed, in the same table as percentages of the 
quantities of each element present, at the beginning of 
each period considered. Since pre-weathered material 
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may be present in the Ho 1 profile, this soil has been 
excluded from the table. As a further check on relative 
rates of loss, elemental ratios are listed in Table 31. 
The use of the relatively shallow depth of 0.38 m in 
Table 30 avoids problems that would arise in allowing for 
the presence of stones in the lower parts of some sola. 
As weathering usually decreases in intensity with depth 
from the surface, changes are likely to be more marked if 
a relatively shallow depth is considered as this avoids 
'dilution' with comparatively unaltered material. Relative 
rates of elemental loss may also be inferred from Figure 47 
which illustrates the changes in elemental percentage 
composition with time; also to a depth of 0.38 m. 
During the period I(y) 1 to I(o) 1 annual rates of 
loss of the elements examined are of the order, 
M~ > K > Ca > Al > Fe > Si> Ti, whereas the order for 
the period I(y) 1 to I(w) 1 is Fe> Mg> K> Ca> AI> Si '> Ti. 
This again demonstrates the much greater mobility of Fe 
under reducing conditions. If the period I(y) 1 to Ok 1 
is considered as a whole, rates of loss follow the order, 
Mg > K = Fe) Ca) AI. When calculations are based on 
a constant sam~led volqme of soil material, Si and Ti show 
apparent gains, not losses, when periods extending beyond 
An 1 are considered. If it were possible to have isolated 
a given volume of soil material at time zero and examined 
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it throughout the entire period of soil development that 
has occurred, the quantities of all seven elements examined 
here could be expected to have decrease~ with time. It 
is of interest to note that the estimated annual additions 
-1 
of Mg, K and Ca from rainfall of 1.52, 1.33 and 0.76 kg ha , 
respectively, exceed the annual losses of those elements 
from the parent material in the period beyond Ah 1. 
To enable data to be presented on a percentage-
remaining basis it was necessary to decide what should be 
taken as being representative of the parent material at 
time zero. Since stones were absent from tbe top 0.38 m 
of all the sola, sand from the nearby Waitahu River, and 
the < 2 pm fraction from the C horizon of Ho 1, were 
considered to be the most suitable materials available. 
The densities of the two materials were similar (1.58 and 
1.57 g cm-3 , respectively) and variations in elemental 
percentage compositions were <5% of the amounts present, 
with the exception of Ca (8% higher in Ho 1, C). In the 
calculations and figures discussed in the remainder of 
this section the < 2 pm fraction from the C horizon at 
Ho 1 has been assumed to be representative of the parent 
material of the variqus soils. 
The curves shown on the left hand side of Figures 
48 - 50 show percentage remaining data calculated on the 
basis of a constant sampled volume. The curves for Mg, 
A1, K, Ca and Fe all show a rapid initial loss which 
decreases as steady state conditions are approached. 
The reasons for the increases shown by Si and Ti have 
already been discussed. 
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Elemental ratios (Table 31) suggest that Si is lost 
at a faster rate than Ti between Ho 1 and Ah 1, and that 
this trend is reversed beyond Ah 1. It is considered 
that annual loss, and percentage-remaining values more 
c10se1r approaching those from an 'isolated' initial 
volume, as already defined, could be obtained if the values 
listed in Table 28 were 'corrected' to show no loss of Si 
between Ah 1 and Ok 1., and no loss of Ti between the 
parent material and Ah 1. When such adjustments are 
made the total element values obtained for the Ahaura and 
younger soils become up to three times those listed in 
Table 28, thus confirming that the material now present 
in unit volume of the two gley podzo1s is the residue from 
the continued weathering and leaching of a much greater 
initial volume. As losses of Si and Ti would have 
occurred from any isolated volume during pedogenesis, 
however, it is likely that the applied 'cOrrections' are 
insufficient and that the degree of error becomes greater, 
the younger the soil. To assist comparison with the data 
in Table 28 the 'corrected' values, Section A of 
Table 32, have been reduced proportionally such that the 
'corrected' and 'constant volume' values for Ho 1 are 
similar. The effect of these adjustments is to compare 
increasing soil volumes between Ho 1 and Ah 1, with 
decreased soil volumes beyond Ah 1, thus correcting for 
an initial expansion and subsequent contraction of the 
soil volume. 
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Since a 'corrected' annual loss of Ti between Ah 1 
and Ok 1 (0.038 kg ha-1 ) can be obtained from Section A 
of Table 32, a further refinement can be made to the data 
in that section if it is further assumed that a constant 
loss of Ti oocurred throughout pedogenesis. The values 
so obtained, again reduced proportionally to give similar 
values for Ho 1 to those listed in Table 28, are presented 
in Section B of Table 32. These data were used to construct 
the percentage-remaining diagrams shown on the right hand 
side of Figures 48 - 50 and to calculate the 'corrected' 
annual losses listed in Table 33. The 'corrected l values 
yield lower annual losses in the earlier stages of soil 
development, and higher values in the later stages than 
those shown in Table 30. In addition Si and Ti are shown 
as being lost throughout pedogenesis. In general, the 
rate of loss of the various elements examined~nded to 
decrease with time. 
The reliability of the data in Tables 30 and 32, 
and in Figures 48 - 50 is influenced by the uncertainty 
in the ages of the different land surfaces, partioularly 
of the two oldest, and by the lack of information on the 
relationship between the age of the surfaces and the age 
of the soils that have developed on them. The data also 
suffered from a lack of replication. However, the work 
of Blosser and Jenny (1971), and the variations observed 
along the Ahaura transects, have indicated that a 
considerable number of random samples would probably have 
been required to effect any noticeable improvement, and 
that it was, therefore, advantageous to specifically 
select sites by soil forming factor ordination, the 
approach that was attempted in the present study. 
The portions of the 'corrected' percentage-
remaining curves (Figures 48 and 49) that occur before 
the onset of steady state conditions tend to follow a 
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first-order rate law, and yield the following values for 
the respective first-order rate constants: 
Mg 8.3 x -5 -1 10 year 
Ca 6.7 x 10-5 " 
K 4.8 x 10-5 
" 
Fe 3.9 x 10-5 " 
A1 2.0 x 10-5 
" 
These values indicate that Fe is lost at a faster 
relative rate than A1 in the earlier stages of soil 
development. 
Stevens (1968b) reports annual losses of Mg and K 
-1 
of 2 and 9 kg ha ,respectivelY, and on a percentage-
-4 -4d remaining basis of 9 ~ 10 and 21 x 10 ~, over 22,000 
years in a chronosequence of soil near the Franz Josef 
glacier, New Zealand. These values can not be compared 
directly with those in Table 30 because of the differing 
sampling depths involved. Losses to a depth of 0.76 m, 
which can be compared with ~tevens's values can, however, 
be calculated from the data in Table 29. If the period 
I{y) to Ok is considered (since the end member of both 
sequences is an Okarito soil) the comparable losses are 
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-1 -4 -4~ 0.7 and 1.1 kg ha , and 8 x 10 and 7 x 10 ~, 
respectively. The variation in the rate of loss of K 
relative to Mg may result from differences in composition, 
and thus stability of the micas and feldspars present in 
the respective soils, or from the considerable difference 
in precipitation between the two areas. 
Marshall (1941) proposed the use of index minerals 
(those that are resistant to weathering and immobile) for 
eva1uating( changes that occurred during soil formation. 
He recommended zircon, tourmaline, garnet, anatase and 
rutile as suitable index minerals. Barshad (1964) 
added quartz, albite and microcline to this list. 
Raeside (1959) has indicated, however, that quartz, garnet 
and possibly zircon should not be used as index minerals 
in soils that have existed for long period-s under high 
rainfall. If an index mineral contains an element that 
is pre:;,ent only in that mineral, such as zirconium in 
zircon, that element may be determined chemically in 
preference to making a mineralogical analysis. 
An attempt was made to quantitatively evaluate clay 
formation, the destruction or migration of clay, and 
volume change in the soils of the Reef ton sequence with 
the method described by Barshad (1964) using the weight 
of Ti in the soil as the index. Mineralogical analyses 
had confirmed the presence of both anatase and rutile, 
but no attempt was made to differentiate between oxide 
titanium, and titanium isomorphous1y substituted into 
a1uminosi1icate minerals (Do1cater, Syers and Jackson, 
1970) . The results are presented in Table 34. Since 
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Ti was not completely immobile throughout the development 
of the soils, the reliability of these data would decrease 
with increasing age of the soil. The largest increases 
in volume are shown by the surface horizons of the I(o) 1, 
I(w) 1 and Ah 1 soils, while the greatest compaction 
occurs in the subsoils of the two gley podzo1s. The high 
relative gains of clay in the topsoils, however, is 
unexpected and requires explanation. As pH is low, and 
rainfall high, clay in the surface horizons was likely to 
have be,en destroyed or transported down the profile. 
The likely explanation for the values obtained is that 
weathering and leaching have'caused the downward 
translocation of Ti. This would result in the calculations 
showing clay gains in the upper sola, and loss of clay in 
the subsoils. 
The calculations involved in Table 34 also yield 
the weights ot parent material from which the present 
soil volumes were derived, Thus present day soil volumes 
that contained equal weights of parent material can be 
estima~ed, and used to calculate the percentage of elements 
initially present in a chosen weight of parent material 
that remain at various stages ot soil development. Such 
values, based on the top 0.38 m of the Ho 1 profile, to 
allow comparison with Figures 48 - 50, are listed in 
Table 35. The values from Table 35 are similar to the 
'constan~ volume' values (left hand side ot Figures 48 -
50) for the Ku 1 and Ok 1 profiles, but greater than the 
'corrected values' (right hand side of Figures 48 - 50) 
for the younger soils. 
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IV. POORLY-ORDERED SOIL COLLOIDS 
Poorly-ordered, clay-sized aluminosilicates 
(allophanes) have a marked effect on soil properties and 
soil productivity. This is a function of their large 
surface area and high chemical reactivity. Their ability 
to adsorb phosphate ions may render a large part of added 
fertilizers unavailable to plants, they are capable of 
adsorbing pollutants from both water and the atmosphere, 
while the high permeability of volcanic soils containing 
appreciable quantities of these colloids has cauSed 
problems associated with excessive drainage in rice-
growing areas. 
Naturally occurring, poorly-ordered aluminosilicates 
and hydrous oxides have proved difficult to isolate from 
soils because of their close association with both 
crystalline clay minerals and organic matter. Consider-
able doubt thus exists as to their structure and composition 
range, and the problem of their quantitative determination 
remains to be solved. 
(1) The Nature of Poorly-ordered Aluminosilicates 
Historically the term Qallophane' has been used to 
designate naturally occurring amorphous (to X-rays), 
hydrous aluminosilicates of widely varying chemical 
composition, or even more generally to include any 
amorphous substances of indefinite composition present 
in soil clays (~tchell, Farmer and McHardy, 1964). Lai 
and Swindale (1969) have defined allophane as a hydrated 
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aluminosilicate mineral, that has no ordered structure 
and is amorphous to x-rays. Minerals are usually defined 
by a fairly narrow composition range, or by their structural 
characteristics. As the range of chemical compositions 
reported for allophanes exceeds that usually permitted for 
a single mineral, they may be members of a mineral series. 
If this is the case their properties should be a function 
of composition, and it should be possible to recognise the 
end members of the series. At an international seminar 
on amorphous clay minerals held in Fukuoka, Japan in 1969, 
the following tentative definition was proposed: 
"Allophanes are members of a series of naturally 
occurring minerals which are hydrous aluminium 
silicates of widely varying chemical composition, 
characterized by short range order p by the 
presence of Si-O-Al bonds, and by a differential 
thermal analysis curve displaying a low 
temperature endotherm and a high temperature 
exotherm with no intermediate endotherm." 
(van Olphen, 1971) 
This definition fails to define the end members, although 
the report does indicate that they could not be alumina 
and silica as these lacked Al-O-Si bonds. The definition, 
is also unsatisfactory in that it fails to provide any 
basis for quantitative estimation. The size, position, 
and shape of the high temperature exothermic peak used 
in the definition can be alt~red appreciably by techniques 
used in obtaining the clay fraction from soils (Campbell, 
Mitchell and Bracewell, 1968) and by the nature of the 
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exchangeable cation (Miyauchi and Aomine, 1966). 
Poorly-ordered aluminosilicates are difficult 
to isolate from soils because of their close association 
with both crystalline clay minerals and organic matter. 
Their high chemical reactivity, as compared with more 
crystalline aluminosilicates, may result in their 
alteration or partial destruction and solution during 
isolation of the clay fraction of soils. Farmer and 
Mitchel1 (1963) have also shown that Al and Fe oxalates 
can be formed during the oxidation of organic matter with 
peroxide. The difficulty in extracting 9 pure , species 
must lead to doubts about the reliability of published 
chemical data for allophanes. 
Poorly-ordered aluminosilicates show little 
characteristic response to such established instrumental 
techniques as X-ray diffraction, infrared absorption 
spectroscopy and electron microscopy (Bracewell, Campbell 
and Mitchell p 1970). With the exception of the partially 
orde~ed mineral, imogo~ite, (Yoshinaga and Aomine, 1962; 
Wada, 1967, Yoshinaga, Yotsumoto and Ibe, 1968; Russell, 
McHardy and Fraser p 1969; Wada and Yoshinaga, 1969; 
Wada ~ ~., 1972; and Eswaran, 1972) they are amorphous 
to both X-rays and electrons, and when visible on electron 
micrographs are diffuse and shapeless. Infrared spectro-
scopy shows only diffuse bands that tend to be Obscured 
when small quantities of amorphous materials occur in 
association with crystalline clays. Differential thermal 
analysis and infrared absorption spectroscopy can, however, 
be used to characterise the clay fractions of so-called 
allophanic soils derived from volcanic ash. 
82. 
Allophane was first reported as a soil constituent 
by Seki (1913), who from chemical and petrological evidence, 
deduced its presence in Japanese volcanic ash soils. 
Its presence in similar soils in New Zealand was first 
noted by Henderson and Ongley (1923), who deduced its 
presence from silicate analyses, and later by Taylor (1933). 
The first comprehensive investigation of the chemical and 
physical properties of allophane was carried out by Ross 
and Kerr (1934) who examined a geological allophane by 
X-ray, thermal, and chemical methods. 
In the 1-950's and the first half of the following 
decade extensive investigations were carried out on the 
volcanic ash soils of New Zealand and Japan using the 
techniques applied by Ross and Kerr (1934) augmented by 
infrared spectroscopyp electron microscopy, and measure-
ment of surface properties. In New Zealand, Birrell 
and Fieldes (1952) and Fieldes (1953, 1955 and 1957) 
reported that the clay fractions of both the yellow-brown 
pumice soils (from rhyolitic ash) and the yellow-brown 
loams (from rhyolitic and from andesitic ash) were composed 
predominantly of allophane. Aomine and Yoshinaga (1955) 
showed that the clay fractions of certain lando soils' 
from volcanic ash were likewise composed largely of 
allophane. Allophanes were also reported as being a 
dominant clay constituent of some weakly-developed New 
Zealand red loams and brown loams formed on basalt 
(Fieldes, 1953; and Fieldes and Swindale, 1954) and of 
soils formed from ultrabasic rocks (Fieldes p 1966; and 
Furkert and Fieldes, 1968). 
By the mid 1960's ~t had become increasingly evident 
that poorly-ordered inorganic compounds, be they referred 
to as allophanes p aluminosilicate gels, or simply as 
amorphous materials, were of widespread occurrence in soils. 
As well as being important constituents of the clay 
fractions of soils derived from volcanic ash and some 
basalts from numerous locations, including Australia 
(Hoskin~, Nielson and Carthewp 1957; Simonett and 
Bauleke, 1963; Briner and Jackson, 1969; and Hamblin 
and Greenland, 1972), Canada (Pettapiece and Pawluk, 1972), 
Cameroon (Sieffermann and Millot, 1968; and Sieffermann, 
Je~l and Millot, 1968), Colombia (Mejia, Kohnke and White, 
1968; C?rtes and Franzmeier, 1972; and Calhoun, Carlisle 
~d Luna, 1972), Hawaii (Tamura, Jackson and Sherman, 
1953; Patterson,.1964; Lai and Swindale, 1969; and 
Wada ~!!. 1972), Indonesia (Kitagawa, Kyuam and 
Kawaguchi, 1973), Oregon (Tidball, 1965; and Chichester, 
Youngberg and Harward, 1969), Papua New Guinea (Haantjens, 
1964; Greenland, Wada and Hamblin, 1969; Parfitt, 
1972 and 1974)p and the Phillipines (Kitagawa, Kyuma 
and Kawaguchi, 1973), these materials have also been shown 
to occur, as early weathering products of plagioclase in 
granodiorite (Snetsinger, 1967), from the weathering of 
kaolinite and halloysite (Jackson, 1956), in cambicand/ 
or spodic horizons (Furkert and Fieldes, 1968; Brydon, 
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Kodama and Ross, 1968; Yuan, 1969; Raman and Mortland, 
~969/1970; Bracewell, Campbell and Mitchell, 1970; 
Brydon and Day, 1970; Brydon and Shimoda, 1972; and 
Campbell, 1974), and as coatings on the surfaces of other 
minerals (Follett et !1:.. 1965a; and Jones and Uehara, 1973)·~ 
The Commission on New Mineral names of the 
International Mineralogical Association (Fleischer, 1963) 
concluded that the data then available (1963) were clearly 
inadequate to justify a new name for the fibrous alumino-
silicate of low crystallinity designated Vimogolite' by 
Yoshinaga and Aomine (1962). 
I 
That much of the difficulty 
experienced in characterising imogolite was probably caused 
by its contamination with other poorly-ordered alumino-
silicates with which it invariably occurred was shown by 
Wada (1966)p when he succeeded in isolating a relatively 
pure form of the fibrous material, and demonstrated that 
its infrared absorption spectra indicated a unique structure. 
Wada (1967) proposed a structural scheme for soil 
allophanes, which he claimed ranged in composition from 
Wada considered that 
imogolite formed from the end-member with the lower 
Si02 : A12 0 3 ratio. Hashimoto and Jackson (1960) and 
Briner and Jackson (1969) have, however, repor.ted 
allophanes with Si02 : A12 0 3 ratios exceeding 2.4. The 
latter authors suggested that these materials be called 
"siliceous allophane". The structure proposed for 
imogolite by Wada (1967) and extended by Wada and Yoshinaga 
(1969) was based on a repeat distance of 0.84 nm parallel 
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to the fibre axes and an interfibre distance of 1.72 nm. 
A careful electron diffraction study by Russell, McHardy 
and Fraser (1969) showed the interfibre distance to be 
2.3 nm and thus demonstrated that the structure proposed 
by Wada and his co-worker was un~enable. Russell and 
his associates proposed a structure which did meet the 
observed unit cell parameters. This consisted of 
continuous distorted chains of AI-O octahedra linked by 
isol~ted' Si2 0 7 groups. The presence of the bridging 
, 
Si2 0 7 ~oups was indicated. by an inf~ared absorption band 
-1 
near 930 cm , and confirmed in a subsequent study 
(Cradwick et al. 1972). 
Faced with an increasing weight of evidence that 
imogolite was indeed a unique aluminosilicate the 
International Mineralogical Association referred the 
matter to the Nomenclature Committee of the Association 
International Pour L'etude Des Argilles for advice. The 
latter body decided (Pedro, 1970) to approve the name 
'imogolite' for the hydrous aluminosilicate having a fine 
thread-like morphology and the diffraction characteristics 
described by Wada and Yoshinaga (1969) and by others. 
Since imogolite was first described by Yoshinaga 
and Aomine (1962) its occurrence in weathered volcanic 
ash has been reported from Japan (Aomine and Miyauchi, 
1965; Kawasaki and Aomine, 1966; Kanno, Onikllra and 
Higashi, 1968; Yoshinaga and Yamaguchi, 1970; Aomine 
and Mizota, 1972; and Wada and Tokoshiki, 1972), New 
Zealand (Yoshinaga, Tait and Soong, 1973; and Kirkman, 
1974), Chile (Besoain, 1968/1969; and Aomine, Inoue 
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and M~zota, 1972), Indonesia (Kitagawa, Kyuma and Kawaguchi, 
1973), New.Hebrides (Quantin, 1972), Papua New Guinea 
(Greenland, Wada and Hamblin, 1969; Parfitt, 1974; 
Bleeker and Parfitt, 1974; and Parfitt and McHardy, 1974), 
the Phillipines (Kitagawa, Kyuma and Kawaguchi, 1973) and 
West Germany (Jaritz, 1967). Imogolite gels have also 
been observed in pumice beds (Miyauchi and Aomine, 1966; 
Yoshin~ga, 1968; Yoshinaga and Yamaguchi, 1970; and 
Tazaki, 1971). Imogolite thus occurs widely in 
weathered pyroclastic materials. Its presence in soils 
derived from basaltic rocks has also been reported 
\ 
(Siefferman and Millot, 1968; and Wada et al. 1972). 
--
Although the mechanisms of its formation have yet 
to be determined, imogolite is obviously a widely occurring 
mineral, and future reports of its presence in cambic 
and spodic horizons of soils, other than those developed 
from volcanic materials, are likely once sufficient care 
i~ taken to isolate relatively pure specimens. The two 
subspecies of i~ogolite postulated by Aomine and 
Miyauchi (1965), and the intermediate phase between 
imogolite and allophane proposed by Kanno, Onikura and 
Higashi (1968) are probably, as suggested by Russell, 
~QHardy and Fraser (1969) simply the results of incomplete 
separation of imogolite from other poorly-ordered alumino-
silicates. 
From his investigation of a sequence of New Zealand 
soils derived from volcanic ash of increasing age (ye1low-
/ I / 
brown pumice soils, through yellow-brown loams to brown 
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granular clays) Fie1des (1955) postulated that the mineral 
weathering sequence found in the clay «2 pm) fraction 
was: volcanic glass~ allophane B ~ a110phane AB ~ 
a110phane A ~ metaha110ysite ~ kaolinite. The main 
differences: found between a110phane A and B were reported 
to be that the latter contained a higher proportion of 
very fine particles, and showed infrared absorption at 
800 cm-1 (characteristic of discrete silica) that was 
absent from allophane A. A110phane A, but not a110phane B, 
o gave a sharp DTA exotherm about 900 C, caused by the 
formation of mu11ite. (A similar reaction occurrs with 
1 : 1-Type phyl10si1icates). Fie1des (1955) considered 
a110phane AB to be an intermediate between a110phane Band 
a110phane A. The above evidence led Fie1des to conclude 
that Al and 5i were closely linked in·a110phane A, but 
that alumina and silica were discrete in a110phane B. 
Following these observations of Fieldes several 
workers reported the presence of material having the 
properties of a110phane B, a1lophane AB, or of amorphous 
silica in th~ clay fractions of volcanic ash soils from 
Japan (Kanno, 1~59; Matsui, 1959; Egawa and 5ato, 1960; 
Ishii and Kondo, 1962; and 5hinagawa, 1962), Chile 
(Besoain, 1964) and Papua New Guinea (Bleeker and Parfitt, 
1974). Miyauchi and Aomine (1964) questioned, however, 
the existence of al10phane B in Japanese ash soils for they 
observed that the finest particles separated from such 
soils «0.2 pm) had p,roperties characteristic of a1lophane 
A, not of al10phane B. They concluded that the exothermic 
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DTA reaction o~ the whole clay ~raction (<:2 pm) depended 
largely on its ~ine clay (<:0.2 pm) content, while the 
-1 in~rared absorption at 800 cm was caused by the presence 
o~ cristoba1ite in the coarse clay (0.2 - 2.0 pm). 
Fie1des and ~kert (1966) re-examined the New Zealand soil 
sequence this time applying the methods used by Miyauchi 
and Aomine (1964). Rather surprisingly, since the high 
temperature DTA exotherm was one o~ the criteria that had 
been used to distinguish al10phane A ~rom a110phane B~ 
the ~ine and coarse clay ~ractions o~ the soils were not 
subjected to DTA. On the basis o~ in~rared evidence alone 
they admitted the presence o~ al10phane A in the ~ine clay 
fraction o~ the New Zealand soils, but claimed that there 
was ins~~icient cristobalite in the coarse clay ~ractions 
to account ~or the observed variations in the i~rared 
-1 
spectra at 800 cm They concluded that the weathering 
sequence, as earlier proposed by Fie1des, remained a 
satis~actory framework ~or studying di~~erences between 
allophanic materials in volcanic ash soils. Birrell and 
Fie1des (1968) and Furkert and Fie1des (1968) merely 
reiterate the material presented in earlier works. 
Shoji and Masui (1969 a and b) have shown that the 
clay ~ractions o~ recent volcanic ash soils in Hokkaido 
contained abundant discrete siliceous amorphous materials. 
These were more siliceous in the A horizon than in the C, 
and tended to become ~ore siliceous with increasing 
particle size. As they ~ound no evidence o~ discrete 
amorphous silica in any of the volcanic glasses present 
in the soils, or in the ~resh ash and pumice used ~or 
comparison, that ~ound in the clay could not be derived 
~rom these sources as suggested by Fie1des and Furkert 
(1966). Electron optical examination o~ the material 
isolated ~rom the 'soils led them to conclude that opaline 
silica, probably o~ pedogenic origin, was the dominant 
~orm o~ discrete amorphous silica present. Although plant 
opal was present in small quantities in the soils, it was 
absent ~rom the clay ~ractions. 
, The progression ~rom ~e1dspar or glass ~ allophane 
~ meta110ysite is ~requent1y described as a typical 
weathering sequence ~or volcanic ash soils (Sudo, 1954; 
Sudo and Takahashi, 1955; Aomine, 1957; Tsuchiya and 
Kurabayashi, 1958; Kanno, 1959; Aomine and Wada, 1962; 
Wada, 1967; Mejia, Kohnke and White, 1968; Yoshinaga 
and Yamaguchi, 1970; Bleeker and Par~itt, 1974; and 
Kirkman, 1974). Par~itt (1974) has suggested that under 
tropical conditions volcanic glass weathers rapidly and 
can ~orm a1lophane or imogolite. He concludes that the 
silica present in solution is initially adsorbed by plants 
and may ~orm biogenetic opal. Under the prevailing 
humid conditions the opal redissolves and is either leached 
from the so~l or preCipitated with alumina to form a1lophane. 
Ha110ysite is said to form directly from feldspar, or from 
allophane, depending on the conditions present in the soil. 
Wada and Matsubara (1968) have also demonstrated 
the parallel formation of a110phane and imogo1ite from 
pumice, and the lack of a sequential relationship between 
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the two or with gibbsite. They concluded that the actual 
products ~ormed depended on the composition o~ the 
microenvironment and on the heterogeneous nature o~ the 
parent material. Yoshinaga and Yamaguchi (1970) have 
suggested that imogolite is a product o~ high leaching 
(desilication) and that it is absent ~rom environments 
where resilication prevails. A scanning electron micro-
scope study o~ seven volcanic ash soils (Eswaran, 1972) 
~ound no evidence o~ alteration ~ollowing the reported 
sequence: allophane ~ imogolite ~ halloysite 
(Yoshinaga and Aomine, 1962; Wada, 1967, and Wada et ~. 
1972) • From their morphology, and random distribution 
in the matrix Eswaran (1972) concluded that both allophane 
and imogolite could be ~ormed by precipitation ~rom soil 
solution. Imogolite was also observed ( one sample) as 
a direct alteration product o~ volcanic glass. Halloysite 
was observed to \~orm directly from ~eldspar, con~irming 
"h. 
earlier observations by Par~am (1969) and Eswaran and 
de Coninck (1971). Like Wada and Matsubara (1968)9 
Eswaran (1972) stresses the need to examine the 
microenvironment. 
Grim (1953) suggested that allophanes possessed a 
random arrangement o~ silica tetrahedra, alumina octahedra 
with occasional other units. Wada (1967) proposed a 
structure ~or allophane in which tetrahedral silica chains 
were linked through shared corner oxygen atoms top 
depending on composition, either one or two octahedral 
alumina chains. Udugawa, Nakada and Nakahira (1969), 
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however, have proposed a sheet-like structure for the 
materia1. By comparing surface area determinations 
using polar liquids with those obtained from low tempera-
ture nitrogen adsorption and application of the BET 
equation Aomine and Otsuka (1968) concluded that allophanes 
possessed both internal and external surface~, the former 
being inaccessible to nitrogen. Kitagawa (1973) has 
suggested that ferric. ions may substitute for Al in 
allophane. 
The CEC of allophane, including its pH-dependence, 
has been explained as arising from the dissociation of 
hydrogen ions from exposed Si-OH and Al-OH groups (White, 
1953; Wada and Ataka, 1958; Fieldes and Schofield, 1960; 
and Yoshinaga and Aomine, 1962). De Villiers and Jackson 
.(1967a and b) suggested that the pH dependence of the CEC 
of allophane was analogous to that of pedogenic chlorite 
"\. (~ 2 : 1 - 2 : 2 hydroxyalumina intergrade between 
vermiculite and chlorite, formed by the pedogenic accumula-
tion and polymerisation of alumina in the interlayers of 
vermiculite). Their proposal necessitated a 'core' 
carrying a permanent negative change arising from the 
occupation of tetrahedral Si lattice sites by Al, that 
was partially surrounded by positively charged hydroxy-
alumina species. 
Since a direct study of natural soil allophanes is 
hampered by the apparent inability to isolate 'pure' and 
unaltered specimens several investigators have turned 
their attention to synthetic aluminosilicate gel systems 
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in their efforts to establish the nature of a110phane. 
Two groups investigating such systems have independently 
proposed a similar structural model for a110phane that 
successfully explains the CEC behaviour, differential thermo-
grams, and , phosphate adsorption and availability observed 
with natural systems. Since this work represents a 
~~gnificant adv~ce in our understanding of these poor1y-
ordered systems, and because it is intended to discuss 
some of the results of t~e present study in relation to 
the proposed model, the relevant papers are reviewed below 
in some detail. 
Van Reeuwijk and de Vi11iers (1970) set out to 
test the earlier hypothesis of de Vi11iers and Jackson 
(1967a and b) using a series of a1uminosi1icate gels 
ranging in composition between pure alumina and silica 
end members. The gels were prepared by mixing appropriate 
quantities of A1C13 .6H2 0 and Na2Si03 .5H2 0 at pH 6.0 9 as 
previously described by van Reeuwijk and de Vil1iers (1968). 
On DTA all the ge1s 9 except the alumina end member, 
recorded an endothermic peak between 100 and 2000C caused 
by loss of hydration water. Only those gels with 
compositions between 45 and 80% A120 3 gave, in addition, 
a high temperature exothermic peak near 9800C. The pure 
alumina end member, and the 80% A12 0 3 gel also displayed 
endotherms about 3000C, which x-ray diffraction analyses 
indicated were due to bayerite. X-ray and e1ectron-
optical examination failed to detect crystalline components 
in any of the remaining gels. Crystallisation of bayerite 
93. 
from freshly-precipitated alumina has also been reported 
by Gastuche (1964)9 Hsu and Bates (1964) and Hsu (1968). 
The presence of silica thus appears to hinder the 
crystallisation of bayerite from amorphous alumina. 
The silica end member prepared by van Reeuwijk 
and de Villiers (1968) showed an increase in negative 
charge between pH 4 and 10. Addition of alumina into the 
gel system caused a linear increase in negative charge» and 
a decrease in the extent of the pH=dependence of CEC, until 
a composition of 22% Al2 0 3 was reached. These observations 
indicated that the two components of the gels had interacted 
to give a product with permanent negative charge. The 
cQmposition yielding the maximum CEC corresponded to a 
substitution of 1 Al ~ 3 Si 9 which has been shown by 
M~lliken9 Mills and Oblad (1950) and Leonard et~. (1964) 
to be the maximum substitution permissible in a stable 
structure. A one=in~four substitution would yield a 
theoretical CEC of 318 me/100 g, a value in close agreement 
with those obtained experimentally by van Reeuwijk and 
de Villiers (1968 and 1970). 
A linear fall in CEC 9 at pH 10 9 as the A120 3 content 
was increased above 22% showed that alumina in excess of 
that value could not be accommodated in tetrahedral sites. 
Since the excess alumina would carry zero charge at pH 10, 
it would act simply as an inert diluent. The behaviour 
of CEC=composition functions at lower pH values indicated 
that alumina above 22% composition was positively charged, 
and that this charge was pH-dependent. At low pH and 
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high A12 03 
content, net positive charge was developed. 
Since an alumina content above 80% led to the formation 
of bayerite p and because of deviations from linearity 
of the pH~ composi tion functions at pH 4 and 7, van 
Reeuwijk and de Villiers (1970) concluded that the negative 
charge on the °tetrahedral core i was capable of exerting 
a restrictive influence on the polymerisation reactions 
that controlled the size and charge of polynuclear 
hydroxy alumina 0 As the Al2 0 3 content increased the 
complexity of the polymer coatings increased, and the 
charge per Al atom de~reasedo Such a control of the 
polymerisation of Al species by crystalline phyllosilicates 
had previously been discussed by Jackson (1960, 1963a and 
1963b) and Hsu (1968) 0 
Cloos 9 Herbillon and Echeverria (1968) and Cloos 
~ ala (1969) working with aluminosilicate gels prepared 
by the slow hydrolysis of mixtures of aluminium isoprop-
oxide and ethyl silicate, a method developed by Leonard 
~ alp (1964)9 deduced a ~imilar structural model for 
allophane. Their conclusions were based on the observa-
tion that CEe values (ammonium acetate at pH 7) of the 
gels were lower than the potential values calculated from 
the relative amounts of Al present in four-fold coordination 
as determined by an ~ray fluorescence technique (White, 
McKinstry and Bates p 1958 9 de Kimpe p Gastuche and Brindley, 
1961 and 1964, Gastuche and Herbillon, 1962; Gastuche 
~ ~o 1963, Day, 1963, and Leonard et ~o 1964). This 
technique utilised shifts in wavelength or in peak position 
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of AIKOCradiation as a result of changes in the coordination 
), 
number of the aluminium ions present. Since these changes 
were small results were often expressed in the form 
~ 29 9 where~ 
~2G = 2G(AI metal) = 2Q(AI in sample), where 2Q 
represents the deflection angle for the particular analysing 
crystal employed. Wardle and Brindley (1971) have 
discussed the dangers of using this technique for estimating 
AI(IV) ~ AI(VI) ratios, and demonstrated that the procedure 
is acceptable only if the Al=O bond lengths in the substances 
used as standar~approximate those in the unknowns. White 
and Gibbs (1969) have shown that much larger shifts in peak 
position occur if AlKP emission is used 9 and concluded that 
correlations can be made between L)" A1K~ and both the 
coordination number and Al=O bond lengths in unknown 
materials irrespective of' their degree of crystallinity. 
The major difference between the allophane models 
proposed by the two independent g~oups is that Cloos and 
his co-workers have reported the presence of considerable 
six=fold coordinated aluminium in gels of low alumina 
content. De Villiers (1971) has indicated that the reason 
for this difference is that cations other than protons and 
aluminium ions are absent from gel systems prepared from 
organic components. Some aluminium ions are thus needed 
to balance the negative charges developed in the core. 
In the gels prepared from simple inorganic salts sufficient 
sodium ions would be available for that purpose. 
The recognition of four distinct phases in these 
96. 
model systems (amorphous silica, negatively charged 
aluminosilicate, positively charged polymeric hydroxy-
~lumina and crystal.l.Uie alumina)·· must lead to a better 
understanding of the nature of poorly-ordered materials 
in natural systems p and provide a basis for evaluating 
different qualitative tests or quantitative determinations. 
~he ease with which van Reeuwijk and de Villiers (1968) 
were able to prepare gels by precipitation from inorganic 
materials suggests' that such reactions could occur widely 
in nature. If co-precipitation is a method by which 
these gels are formed during pedogenesis the presence of 
a disordered parent material should not be an essential 
r.equirement. Gels should form as readily from (say) 
~eathering granite 9 as from disordered volcanic materials 
of similar composition. The dominance of volcanic ash 
soils in studies on soil allophanes probably merely 
reflects the difficulty of identifying poorly-ordered 
oomponents in soils where they occur in association with 
crystalline materials. The work initiated by de Villiers, 
Cloos and their associates should be extended to determine 
(i) the pH and concentration limits that define 
the stability limits of the gel systems, 
(ii) what substitution by Fe ~d other cations 
is possible 
(iii) how and in what forms organic matter can be 
adsorbed by the gels9 or incorporated during 
their formation, and 
(iv) what initiates or inhibits their 
crystallisation. 
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Some of this information may be available in the much 
earlier works of Mattson. It is perhaps timely that 
his works should be reviewed in the light of our present 
knowledge 0 
(2) Problems Associated with Quantitative 
Determination of Poorly-ordered Materials 
Although a number of procedures have been used to 
~~~imate the quantities of poorly-ordered aluminosilicates 
~~esent in soils 9 none is capable ·of providing a rigorous 
q~~titative determination of these materials. At the 
present ti~e9 and despite its theoretical limitations and 
empiricism, selective dissolation by chemical reagents is 
the most satisfactory method available for estimating the 
~llophane content of soils. Its use was recommended by 
the International seminar on amorphous clay minerals held 
at FUkuoka 9 Japan in 1969 (van Olphen g 1971). Of the 
m9dern instrumental techniques becoming available p the 
seminar favoured the use of neutron activation analysis, 
and microprobe analysis. 
Classically, alkaline reagents have been favoured 
for the dissolution of poorly-ordered aluminosilicates,. 
but free alumina and silica p and all of the commonly 
occurring phyllosilicates are soluble to varying degrees 
in alkaline solutions. Selective ,dissolution techniques 
exploit the knowledge that rates of solution are controlled 
by specific surface area, structural order and bond 
strength, and are thus higher for poorly-ordered than for 
crystalline aluminosilicates. However, in soil clays 
a continuum from nearly perfect crystallinity to almost 
complete disorder is likely to exist. Where in such a 
system can a dividing line be placed satisfactorily? 
In the method developed by Hashimoto and Jackson 
(1960) a 100 mg sample is placed in a nickel beaker, 
100 m~ of 0.5 molar NaOH added and the suspension 
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brought rapidly to the boil. After boiling for exactly 
2.5 minutes the contents of the beaker are rapidly cooled 
to room temperature and the supernatant solution removed 
for analysis. The method is simple and easy to app1y, 
but has the disadvantage that small variations in heating 
and cooling rates could result in samples spending different 
periods at elevated temperatures. Since the actual heating 
time is so short~ this could 1ead to results from different 
laboratories not being strictly comparable. 
An alternative procedure 9 developed at the Macaulay 
Institute for Soi~ Research, Aberdeen, Scotland, (Follett 
~~. 1965a and b), involves shaking 100 mg samples with 
80 ml of cold 5% Na2 C03 for 16 hours, after which the 
" 
supernatant liquid is removed for analysis. The leaching 
is repeated with further additions of carbonate until the 
quantities of alumina and silica extracted are minimal. 
The residue is then subjected to successive two hour 
digestions at 1000 C with 80 ml of 5% Na2C03 until the 
extracted alumina and silica are again minimal. This 
method is far more time consuming than that developed by 
Hashimoto and Jackson (1960). 
Gedroits (1963) has suggested dissolution in KOH to 
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remove amorphous constituents, while A1exiades and Paxinos 
(1965), compared dissolution by KOH with some earlier 
work using NaOH, and concluded that the former was less 
destructivel' o~ poorly crystalline clays ° 
However, the amount of comparative work that has been 
done on the relative merits of the various alkaline reagents 
is small. De Vi1liers (1971) considered that the data then 
available (four samples compared by Follett ~~. 1965a) 
indicated that the method of Hashimoto and Jackson (1960) 
was less destructive of crystalline clays, and more 
efficient in dissolving a110phane than that of Follett and 
his co-workers. Three reference clay minerals, and one 
soil clay, a Tirau sandy loam from New Zealand known to 
contain kaolinite as well as a110phane (Fie1des, 1955) are, 
i~ the opinion of this author, insufficient to draw any 
such conclusions. Since it is presumably the hydroxyl 
ion concentration that controls the rate of solution, it 
would seem more logical to expect that the method more 
efficient at dissolving a110phane was also more destructive 
of crystalline aluminosilicates, unless the concentration 
destructive or protective effect. 
A more recent comparison by Briner and Jackson 
(1969) showed that boiling 0.5 molar KOH for 2.5 minutes 
extracted 13.78% of the Si02 and 8.48% of the A120 3 from 
a basaltic soil clay, compared with a total of 11.24% 
Si02 and 7.13 % A120 3 from two 'cold' and five 'hot' 
extractions with 5% Na2C03 o The mo1arSi02 : A12 0 3 
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ratios of the material extracted by the two methods were 
2.8 and 2.7, respectively. These. results would seem to 
indicate that both methods had extracted the same 
component or components, and that the former was the more 
drastic. 
The reaction between hydroxyalumina and fluoride 
ions (Hensley and Barney, 1958; Yuan and Fiskell, 1959; 
Egawa, Sato an4 Nishimura, 1960; and Huang and Jackson, 
1965) was used by Fieldes and Perrott (1966) as the basis 
of a test for allophanic material in soils that could be 
used in the field.· A quantitative application of this 
test was devised by Bracewell, Campbell and Mitchell (1970). 
Brydon ~d Day (1970) claimed that as allophane, amorphous 
Al(OH)3' synthetic dioctahedral chlorite, podzol B horizons 
yielding. oxalate - extractable Al values'> 1%, and ground 
gibbsite, all gave positive results with the Fieldes and 
Perrott NaF test, it should not be consiqered specific for 
~l~ophane but merely indicative of the presence of hydroxy-
alumina. 
The present author has observed that any crushed 
·aluminosilicate minerals (but not quartz) yield positive 
Fieldes and Perrott test values. Since crushed albite 
and obsidian give positive results it is reasonable to 
expect a similar response from the Al-substituted, 
tetrahedral allophanic core proposed by de Villiers and 
Cloos and their respective associates, ·except for systems 
with very low Al20 3 content. Mitchell ~ ale (1968) 
have shown that after 1.9% of the Si02 and 2.7% of the 
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A120, in a soii clay had been extracted by cold 5% Na2 CO" 
the residue gave little evolution of hydroxyl ions when 
tr.eated with 1.0 molar NaF. A second sample of residue, 
, 
however, yielded a further 1,.6% of 9i02 and 15.0% of 
A120, when treated with hot 5% Na2CO,. The molar Si02 
A120, ratios of the original soil clay, and the material 
extracted by cold and by hot 5% Na2 CO, were ,.1,2.6 and 
2.9, respectively. Mitchell and his co-workers concluded 
that the material extracted by cold 5% Na2Co, was related 
to t~t responsible for positive responses to the Fie1des 
and Perrott test. Their work indicates that the use of 
!;"~-'::::;: 
an a1ka1;ne dissolution treatment more drastic than cold 5% 
Na2co~ld be avoided. The higher A120, content of the 
material extracted by cold 5% Na2 CO, as compared with that 
subsequently extracted by the heated reagent has also been 
reported by Fo11ettet~. (1965a) and by Briner and 
Jackson (1969). 
Comp1exing reagents such as acid ammonium oxalate . 
(Tamm, 1922), pyrophosphate (A1eksandrova, 1960) and citrate 
(Mi tchel1, Farmer and McHardy, 1964) remove, ;from soils, 
poorly-ordered forms of Fe, as well as those of A1 and 
S1. Several workers (Deb p 1950; Schwe.rtmann, _1959 and 
1964; Gorbunov, Dzyadevich and Tunik, 19Q1; McKeague 
and Day, 1966; McKeague, 1967; Dudas and Harward, 1971; 
and McKeague, Brydon and Miles, 1971) have demonstrated 
that acid ammonium oxalate can be used as a measure of 
the quantity, or activity of the amorphous forms of A1 
and Fe in soils. The A1 extracted by this reagent has 
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been correlated with phosphate retention by soils (Williams, 
Scott and McDonald, 1958; Franklin and Reisenauer, 1960; 
Bromfield, 1965; Saunders 1965; and Sree Ramulu, Pratt 
and Page, 1967). Tandon (1970) has reported a similar 
correlation for fluoride - extractable Al. As the 
positively charged polymeric hydroxyalumina species 
surrounding allophanic cores appear to be involved in 
\ 
phosphate adsorption (Cloos, Herbillon and Echeverria, 
1968; and Cloos ~!!. 1969) it may be concluded that 
they are soluble in both oxalate and fluoride reagents. 
Although polymeric hydroxyalumina species associated with 
2 ; 1 Type phyllosilicates and other soil components may 
.' 
not be as accessible to the reagents as those of allophanic 
gel systems, they too must be regarded as soluble to some 
extent. 
As early as 1934, Lundblad urged that Tamm's reagent 
be used cautiously in the presence of easily soluble 
unweathered mineralso LaJoie and de Long (1945) have 
reported that Tamm's reagent was unsuitable as a criterion 
tor differentiation of podzols and podzolic soils. 
McKeague g Brydon and Miles (1971) showed that although 
magnetite was attacked by acid oxalate, goethite and 
hemati te, which are more common in soils, were relat'ively 
" 
unaffected. Arsha'd., st Arnaud and Huan~ (1 972) have 
claimed that the use of acid oxalate as an extractant 
for amorphous forms of Al and Fe may have limitations for 
soils containing trioctahedral phyllosilicates, and 
suggest that extraction with potassium pyrophosphate may 
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be more suitable. Schwertmann (1973), however, criticised 
their work on the grounds that ~reshly-ground trioctahedral 
minerals were unsuitable ~or testing a method to be used 
with soils, and suggested that pyrophosphate was unsuitable 
~or measuring pedogenic iron since it essentially determined 
only organic-bound ~orms. 
Aleksandrova (1960) reported that 0.1 molar sodium 
pyrophosphate extracted humus) and its Al and Fe salts 
~rom soils. Bascomb (1968) showed that 0.1 molar potassium 
pyrophosphate extracted Fe ~rom organic complexes and 
amorphous gels, but not ~rom aged amorphous hydrous oxides. 
McKeague (1967) presented evidence that 0.1 molar sodium 
pyrophosphate was reasonably speci~ic for organic-complexed 
Al and Fe in soils, and in association with Brydon ~d 
Miles (1971) demonstrated that organic-bound Al and Fe, 
amorphous ~orms o~ Al and Fe, and crystalline Fe oxides 
could be estimated approximately by pyrophosphate, acid 
oxalate and citrate-bicarbonate-dithionite extractions, 
respectively. These workers claimed that their results, 
together with the earlier works o~ Bascomb (1968) and 
McKeague (1967 and 1968), indicated that pyrophosphate-
~xtra~tabl'e. Al and Fe (and possibly C) could be used as 
the basis o~ a chemical criterion ~or spodic horizons. 
They claimed that for this purpose pyrophosphate was more 
speci~ic than the pyrophosphate- dithionite treatment 
proposed by Franzmeier, Hayek and Simonson (1965), and 
that unlike acid oxalate it did not attack magnetite or 
other easily weathered Fe-bearing minerals such as olivine 
or Itontronite. 
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As with other selective dissolution methods the 
use o~ acid oxalate or pyrophosphate must be largely 
empirical. Such methods can not di~~erentiate sharply 
between di~~erent ~orms o~ Al and Fe, because in natural 
soil systems these elements are present in various continua. 
It should also be remembered that an empirical method 
that is developed and shown to be suitable in one environ-
ment may be quite unsuitable in others. S egalen .!i !!:!. 
(1971) consider that some highly weathered tropical soils, 
~rom which acid oxalate extracts very low quantities o~ Fe, 
contain, nevertheless, appreciable quantities o~ amorphous 
Fe oxides, and consequently have used a more drastic 
extractant to determine them. 
Dilute acids have been used by Rich and Obenshain 
(1955), Kirsanov (1958) and Deshpande, Greenland and 
Quirk (1964) to remove poorly-ordered ~orms o~ Al and Fe 
~rom soils, while Tweneboah, Greenland and Oades (1967) 
,\ 
have shown that treatment o~ soil clays with 0.5 molar 
CaC12 at pH 1.5 extracts Al, but little Si or Feo Since 
this latter treatment substantially reduced the positive 
charge developed at low pH it was concluded that in the 
range o~ soils examined this property was largely due to 
"active" hydroxyalumina specieso 
De Villiers (1971) has suggested that the quantitative 
determination o~ allophane in soils may have to be based 
on a speci~ied selective dissolution procedure. Be~ore 
such a solution is adopted rigorous comparative studies 
involving both synthetic aluminosilicate gels and a wide 
105. 
range of soil clays are required. The use of the 
comparatively simple synthetic gel systems, where the 
relative proportions of Al in four-fold and six-fold 
coordination could be determined, would allow monitoring 
of the effects of different reagents on the various 
identifiable. phases present. 
A major weakness in many of the attempts to 
quantitatively determine amorphous components by selective 
dissolution already documented is their use of higly 
crystalline reference clay minerals and oxides (often of 
geologic, rather than pedogenic origin) as standards for 
testing the effec~of reagents on crystalline soil 
components. Suoh reference materials are lLkely to be 
more resistant to attack than those formed by pedogenic 
processes. Ideally, the crystalline aluminosilicates 
and oxides present in the actual soil clays under investiga-
tion should be used for these essential comparative studies. 
Wada and Greenland (1970) have demonstrated that this can 
satisfactorily be accomplished by using treated and 
untreated samples in the reference and sample positions 
of a double beam infrared spectrophotometer. The 
differenoe pattern then recorded is used to characterise 
the material aotually removed by the dissolution treatment 
employed. As they have indicated, differential DTA could 
be used in a similar manner. Their work has shown that 
the material extracted by the citrate-bicarbonate-
dithionite method of Mehra and Jackson (1960), by 2% 
Na2C03 (Jackson, 1956) and by 0.5 molar NaOH (Hashimoto 
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and aackson, 1960), used successively, depended primarily 
on the initial mineral assemblage of the sample. 
Phy110si1icates, including disordered kao.1ini tes were 
dissolved from clays in which they were major constituents. 
They further demonstrated that the method of Hashimoto 
and Jackson appeared to remove material that was more 
ordered than that removed by 2% Na2C03 , but that heating 
at 90°C for 15 minutes with 2% Na2CO, did not completely 
remove a11ophane. 
(3) Amorphous and Organic-com21exed Forms of A1 
and Fe in Soils of the Reef ton Sequence 
A preliminary survey was carried out to determine 
the nature of the materials extracted from samples of the 
< 2 pm fra-ction (isolated by sedimentation from distilled 
water only) from the B22 horizon of ,I(O} 1, the B, and C12 
horizons of Ah 1, and the G horizon of Ok 1, by three 
selective dissolution procedures. The treatments examined 
were those of Hashimoto and Jackson (1960), Follett et a1. 
(1965a), and shaking for 2 and for 60 minutes with 0.85 
mp:Lar Na.F {pH 7) u~inga soil : solution ratio of 1 : 50. 
-·_~t"teJ!'5.e~'~.otion·,:tl!xe_::21amples ,.wer.e·~washedwi~h. dis ti ll~d 
water,··t_~ •• turll:ted :.bYwashing .. (four: . times) with 1 .0 
molar MgC12 , freed of excess MgC12 by successive washings 
with distilled water (twioe), ethanol-water (1 : 1), 
acetone-water (1 : 1) and acetone, air-dried at 200C, 
weighed, and then stored. 'at a relative humidity of 56%. 
Duplicate 80 mg samples were subjected to all those 
operations performed on the'treated samples except the 
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initial extraction. Care was taken to ensure that 
physical losses of material during treatments was minimal. 
The material extracted by each of the dissolution 
procedures was characterised by differential DTA. The 
dissolution residue and the untreated duplicate, both 
made to 160 mg with calcined kaolinite were used as the 
reference and sample, respectively. Examples of the 
difference thermograms obtained are shown in Figure 51. 
These tests showed that all three procedures extracted 
gibbsite and phyllosilicates as well as amorphous alumino-
silicates, particularly from the younger soils. They 
confirm the desirability of testing so called selective 
dissolution reagents for inactivity against other components 
~ the actual soils involved, rather than against standard 
reference clay minerals that are often of geologic rather 
than pedo~u1c origin, a;nd which may well be more ordered, 
and more resistant to attack than the minerals actually 
present in the samples. The results may also question 
the suitability of alkalis and fluorides in P fractionation 
schemes such as those proposed by Chang and Jackson (1958), 
or Williams and Walker (1969). (A rigorous evaluation 
of selective dissolution techniques is being undertaken 
by Mr A.W. Young, of the Soil Science Department, Lincoln 
College. His initial results show that oxalate and 
citrate also attack the crystalline components present in 
younger soils ~f the Reef ton chronosequence). 
Despite these shortcomings it was decided to use 
Tamm's acid ammonium oxalate procedure as modified by 
10S. 
McKeague and Day (1966) and 0.1 molar sodium pyrophosphate 
(McKeague, 1967) as the means of obtaining approximate 
values for the amorphous and organic-complexed forms of 
Al and Fe in the soils of the present study. Application 
of these methods does at least allow comparison with the 
data published by McKeague and his associates for a range 
of Canadian soils t~at appear to have chemical and minera~~ 
ogical similarities with those of 'the Reef ton sequenoe, 
and with the criteria set out in 'Soil Taxonomy', a 
. 
publicat'ion by"the Soil Conservation Service, U.S. Department 
of Agriculture, Washington (1 970) • Phosphate retention 
.(Saunders, 1965) and 'hydroxyl release by fluoride ions 
(Fieldes and Perrott, 1966) were also determined to obtain 
an index of the chemi~al reactivity of the various 
hydroxyalumina components. Data from the above analyses, 
and the main trends exhibited are presented in Tables 36 -
43 and Figures 52 - 65. 
For comparative purposes whole soil, and water-
dispersed size separates from the B (0.15-0~2S m) and C 
(0 • .51-0.'64 m\) horizons of a Taupo sandy silt oollected 
from the New Zealand Soil Bureau's reference site at 
Wharepaina - NS5/79373S- (N.Z. Soil Bureau Bulletin, 1965a 
p. 74-75), and water-dispersed <: 2 pm material from .Ah 1 , 
B21 and C12 , and Ok 1, G were subjected to similar 
analyses. The results of these and other relevant 
analyses performed on these samples are presented in 
Tables 44 - 46 and in Figure 66. Taupo sandy silt is 
reported by the N.Z. Soil Bureau to contain only 
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allophane in the <2 pm fraction. (The author is grateful 
to Mr Y.A. Pullar for providing the samples). 
Poorly-ordered forms of Al and Fe as determined by 
oxalate-extractable Al and Fe levels (% of ignited weight) 
incr,eased with age of the soil from Hb 1 to Ah 1, then 
declined markedly (Table 36). This trend shown by oxalate 
-extractable Al is in agreement with that found by Mokma 
~!!. (1973) in a chronosequence of soils developed from 
alluvial and mor~inic deposits from the Franz Josef Glacier. 
Their sequence also culminated in the Okarito soil. The 
levels extracted from the A and A2g horizons of the weakly 
gleyed I(w) 1 are much lower than those extracted from 
comparable depths in the free-draining I(o) 1 (Table 36). 
The quantities of Al and Fe (kg ha-1 ) extracted to constant 
depth (Figure 52) reach maximum values by I(o) 1 or Ah 1, 
then fall. Although the variations in volume-weight of 
the soils (Figure 9) act to reduce this effect, it should 
be noted that differential ~A analyses (Figure 51) suggest 
the possibility that crystalline components in the Ikamatua 
and Ahaura soils may have been more soluble in oxalate 
than those from the older soils. 
Oxalate-extractable Al and Fe values for the upper 
0038 m of I(w) 1 are considerably lower than those for 
t(o) 1, but are comparable to a depth of 0078 m. This 
suggests that destruction of poorly-ordered forms of Al 
and Fe, or their downward translocation occurs under 
poorly-drai.aed',condi tions. 
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The percentagesof total soil Al extracted by oxalate 
to constant profile depth reach maxima of 17 and 15% to 
0.38 and 0.76 m, respectively, at Ah 1, while the 
corresponding maxima for Fe, also reached at Ah 1 are 
(Figure 53). The percentage of total Al 
and Fe extracted by oxalate from the upper 0.38 m of each 
tessera exceeds that from the lower half for the free-
draining soils of the sequence, but the reverse occurs in 
the poorly-drained members, with the exception of the 
cOlDparable Al values from Ok 1. The shapes of these 
curves (Figure 53) are generally similar to those of 
Figure 52. 
The continued accumulation of poorly-ordered forms 
of Al and Fe from Ho 1 to Ah 1, and the greatly reduced 
quantities in the two older gley podzols are also clearly 
( -1 -1 ) demonstrated by the depth functions kg ha cm horizon 
.presented in Figures 54 and 55. Maximum accumulations 
occur in the B horizons of the younger, freely-drained 
SOils, whereas depth functions for both gley podzols 
show an increase with depth from the surface {AI} or 
little variation (Fe). Maximum accumulation occurs 
~t greater depth in I{w} 1 than in I{o) 1. Loss of 
poorly-ordered forms of Fe is very evident in the upper 
horizons of I{w} 1. Because bulk density increases 
with depth, depth functions expressed on a volume-weight 
( -1 -1 ) basis kg ha cm horizon may show maxima lower in the 
profile than would occur if percentage of ignited weight 
was the basis used. Depth functions illustrating the 
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percentage of total soil Al extracted by oxalate (Figure 
56) decrease with depth for Ho 1, I(y) 1 and I(o) 1, 
reach maxima in B horizons for I ( w ) 1 and .Ah 1, and 
increase with depth for the two gley podzols. The 
comparable functions for Fe (Figure 57) decrease with 
depth for all four free~draining soils, pass through a 
minimwn for Xu 1, increase with depth for Ok 1, and reach 
a maximum in the B22 horizon of I(w) 1. 
Oxalate-extractable Al and Fe in the surface horizon 
along the Ahaura transects tend to increase with distance 
from the living trees and decaying stump. The percentages 
of the total elements extracted show a similar trend. 
Those are the only consistent trends observed (Tables 37 
and 38). Oxalate-extractable Al and Fe levels are very 
low in the A21 horizon at .Ah 5, and are comparable with 
those found in the older gley podzolso Simple regression 
analyses involving only the transect samples show no 
correlation between PH or organic matter (as indicated 
by loss-on-ignition values) and oxalate-extractable Fe. 
Correlation between PH and oxalate-extractable Al is 
significant only at the S% level. Increased stem-flow 
effects (no other transect site is within 1 m of any tree 
stem), operating over a longer period of time, are 
considered to be responsible for the very low values 
found in the A21 horizon at .Ah 5. 
The trend shown by organic-complexed forms of Al and 
Fe, as determined by extraction with sodium pyrophosphate 
often closely matched those described for oxalate 
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extraction. It can be seen from Table 2 that simple 
regression analyses involving any pair of these four 
variables are highly significant (0.1% level). 
The quantities of Al and Fe extracted by 
pyrophosphate (% of ignited weight) are greater in Ah 1 
than in the younger or older soils. The amounts extracted 
from the gleyed upper horizons at I(w) 1 were considerably 
lower than from the free draining I(o) 1 (Table 39). The 
quantities extracted to constant profile dept~ (Figure 58) 
also reach maxima at Ah 1, and both the shape of the curves 
and the actual quantities involved closely resemble the 
oxalate-extractable data presented in Figure 52. Volume-
weight variations again act to depress the maxima. 
Oxalate extracts more Al and Fe than pyrophosphate from 
the lower half of the Ikamatua (all) and Ah 1 profiles, 
but the reverse occurs in Ok 1 and on the lower half of 
the Ku 1 tessera. The major differences between the 
percentagesof total soil Al anq Fe extracted by 
pyrophosphate (Figure 59) and oxalate (Figure 53) are 
the higher proportion of Al in Ok 1, and Fe in both gley 
podzols extracted by the former reagent. 
( -1 -1 ) Depth functions kg ha cm horizon for 
pyrophosphate-extractable Fe for the younger freely-
drained soils show maximum values near the surface and 
then decrease with depth, whereas the three poorly-
drained soils all have much lower values in the upper 
half of the profile and reach their maximum levels below 
0.4 m (Figure 60). Depth functions for Al (Figure 61) 
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are generally similar to those described for Fe, but the 
maximum values for I(o) 1: and Ah 1 occur lower in the 
profile, and high values are shown by the lower horizons 
of Ah 1, Ku 1 and Ok 1. The percentage values listed 
in Table 39 show that the general increase with depth 
shown by both gley podzols results from increased levels 
of extraction as well as from variations in bulk density. 
The depth functions (Figures 60 and 61) also show the 
continued accumulation of organic-complexed forms of Al 
and Fe from Ho 1 to Ah 1. 
Depth functions showing the percentage of total Al 
in organic-complexed forms (Figure 62) decrease with 
depth for the free draining soils, show maxima in the 
A2g and B2G horizons of I(w) 1 and Ok 1 9 respectively, 
while that for Ku 1 increases with depth. The decrease 
with depth shown by the free draining members of the 
sequence is more pronounced in the depth functions showing 
the percentage of total Fe that is extractable by 
pyrophosphate (Figure 63). The function for Fe obtained 
for Ku 1 is more complex than that for Al. Values 
decrease with depth to the G horizdn, rise in the organic 
rich BhGp then fall to zero in the B2G before again 
rising steeply in the B3G. The A horizon value of Ok 1 
is the highest obtained in the sequence, and subsoil 
values remain high in this profile. The relatively 
high percentages of total Al and Fe extracted by 
I 
pyrophosphate from the two gley podzols is a consequence 
of the low contents of total Al and Fe in these soils, 
and not of any accumulation of organic-complexed forms. 
There is some tendency for the levels of organic-
complexed forms of Al and Fe in the surface horizon to 
decrease with distance from a living beech tree or 
decaying stump (Tables 40 and 41). The lowest values 
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along either transect are again found in the A21 horizon 
at Ah 5. Simple regression analyses show that along the 
transects pyrophosphate-extractable Fe correlates at the 
0.1% level with pH and at the 1% level with loss-on-ignition, 
. but that Al shows no such correlation. 
Depth functiOns expressing phosphate retention 
(Figure 64) and Fieldes and Perrott test values (Figure 65) 
show that an increase in the reactivity of the poorly-
ordered hydroxyalumina gel phase g at constant profile 
~~pth, occurs with time for the freely-drained members 
of the sequence. This increase g and the extension of a 
high reactivity to greater profile depthp also as age 
increases p result from both higher clay contents (Table 7) 
and an increase in the proportion of total soil Al 
occurring in gel form (Figures 53 and 56). That the 
reactivity is largely a function of the clay fraction can 
also be seen by comparing the values obtained on applying 
the Fieldes and Perrott test to water - dispersed clay 
with those obtained from the < 2 mm fraction (Figure 65), 
or by comparing the oxalate-extractable Al and Fe, 
phosphate retention p and Fieldes and Perrott values 
obtained with the water-dispersed <: 2 pm fraction of the 
B21 and C12 horizons of Ah 1 (Table 46) with the 
115. 
corresponding values obtained from the <2 mm fraction 
(Table 36, and Figures 64 'and 65). 
A considerable reduction in activity of the gel 
phase is evident in the upper horizons of the poor1y-
drained soils. Comparison of the phosphate retention 
depth functions of, I'(w) 1 and I(o) 1 (Figure 64) suggests 
that some translocation to the A2g and lower horizons may 
have occurred in the former soil. The water-dispersed 
<2 pm fraction from the G horizon of Ok 1 is notably 
inactive (Table 46). 
Simple regression analyses (Table 2) indicate 
significant (1% level) or highly significant (0.1% level) 
correlations between all possible pairings of phosphate 
retention p Fie1des and Perrott test (soi1)9 oxa1ate-
extractable A1 and Fe, pyrophosphate-extractable A1 and 
Fe 9 and loss-on=ignition values for the chronosequence 
samples except 10ss-on-ignition v Fie1des and Perrott 
test (not significant), 10ss-on-ignition v oxa1ate-
extractable A1 (5% level only) and pyrophosphate-extract-
able Fe v Fie1des and Perrott test (5% level only). 
Soil pH correlated only with oxalate-extractable A1 and 
Fie1des and Perrott test (1% level) and with phosphate 
retention and 10ss-on-ignition (5% level). / These 
correlations indicate that comp1exing by water soluble 
che1ates may be more significant than increased solution 
of alumina under lower pH conditions in explaining the 
loss of reactive gel material from the upper horizons of 
the poorly-drained soils. 
Oxalate-extractable Al, phosphate retention and 
Fieldes and Perrott test values are highly correlated 
(0.1% level) with both NH4F-P and non-occluded P, and 
there is a significant negative correlation (1% level) 
between these phosphate fractions and montmorillonite 
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content. Oxalate-extractable Al and phosphate retention, 
but not Fieldes and Perrott test, also correlated (0.1% 
or 1% levels) with occluded inorganic P and residual P. 
No correlation occurred with acid-extractable P (Table 2). 
Phosphate retention values for the surface horizon 
increase with distance from the decaying beech stump, or 
from the living trees along both Ahaura transects. 
Values are very high (> 90%) in all B21 horizons. Fieldes 
and Perrott test values, particularly those of the water-
dispersed < 2 pm fraction confirm these trends (Tables 42 
and 43) 0 Destruction of reactive hydroxyalumina gel 
phases 9 or their movement down the profile thus appear to 
be associated with those processes that are more intense 
near the stems of existing or decaying trees. 
The phosphate retention and Fieldes and Perrott 
test values for the < 2 mm fraction at Ah 1 exceed those 
shown by the Taupo sandy silt (Tables 44 and 45). The 
latter soil, however, contains <2% of clay. The amounts 
of Al (%) extracted from both soils by oxalate are 
comparable, but more Fe is extracted from the Ahaura B 
horizons than from the Taupo B. Pyrophosphate extracts 
considerably more Al and Fe from the Ahaura. These 
results would seem to indicate that both the Ahaura and 
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Taupo soils contain comparable quantities o~ 'allophanio' 
gel species, and that the ~ormer soil contains, in 
addition, greater amounts o~ poorly-ordered, hydrous 
iron oxides and o~ organic-complexed amorphous ~orms o~ 
Al and Fe. These conclusions are supported by the 
results o~ DTA (Chapter 3; V p (3». It should be noted, 
however~ that neither oxalate nor pyrophosphate is likely 
to be speci~ic. That some overlap does occur between 
them is demonstrated by the sum o~ oxalate- and 
pyrophosphate-extractable Fe ~rom the A and AS horizons 
o~ Ah 1 exceeding total soil Al. A similar result is 
obtained ~or the sum o~ the Al extracted by the reagents 
~rom the < 0.2 pm ~raction o~ the Taupo B horizon. 
Schnitzer and Skinner (1964) have claimed that oxalate 
extracts Al and Fe organic complexes ~rom soils. 
Schwertmann (1964) de~ined the ratio o~ oxalate- to 
dithionite-extractable Fe as the "active" Fe ratio. 
McKeague and Day (1966) have shown that podzol B horizons 
have distinct accumulations o~ oxalate-extractable Fe, 
and consequently a high "active" Fe ratio. The National 
Soil Survey Committee o~ Canada has de~ined an .~, 
horizon tentatively as one enriched with hydrated iron, 
and having a chroma of ~ 3 and redder than the horizon 
above or below. McKeague and Day argued that as all the 
podzol B horizons that they had studied also contained 
distinct accumulations o~ oxalate-extractable Al, this 
element too should be included in any definition of a 
Bf horizon. They tentatively proposed that horizons in 
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which the percentage of oxalate-ext'ractable (Al + Fe) 
exceeded that of the C horizon by~ 0.8%, or horizons in 
which the percentage of dithionite-extractable (Al + Fe) 
exceeded that of the C horizon by ~ 1 • fY% be designated as 
B f horizons. By this definition, the A and AB horizons 
I(y) 1 , the A, B21 and B22 horizons of I(o) 1 , the 
and B22 horizons of I(w) 1 and the A, AB, B21 , and 
horizons of Ah 1 could be classified as Ef horizons 
(Table 36). 
Stonehouse and st Arnaud (1971) have used the 
B21 
B22 
"active" Fe ratio to separate well-drained and poorly-
drained soils. They reported that reducing conditions 
kept the iron oxides in the upper horizons in a readily 
extractable form. For the range of soils studied 
(Chernozemic, Solonetzic, Gray Wooded and Gleysolic) the 
well-drained members had "active" Fe ratios <0.35 in 
the upper horizons, whereas in the poorly-drained soils 
the ratio exceeded OG35. In the freely-drained Ah 1 
profile of the present study, 44% of the total Fe in the 
A horizon and 51% in the AB are oxalate-extractable 
(Figure 56). These horizons, then, must yield "active" 
at 
Fe ratios in excess of 0.35, and it is likely that the 
upper horizons of I(o) 1 would yield a similar result. 
Thus the value proposed by Stonehouse and st Arnaud (1971) 
is likely to be applicable only to a restricted range of 
soils. 
Alexander (1974) has investigated if "active" iron 
ratios showed any definite age trend, and demonstrated, 
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that ~or a sequence o~ eight well-drained Xerolls on 
adjacent terraces above the Truckee River in Nevada, 
under a subhumid climate, the ratio increased to 0.37 
during the first several thousands of years of soil 
development p and then decreased to a practically constant 
value o~ 0.18 during several hundred thousand years. He 
concluded that although the ratio values were not sufficiently 
unequivocal to be used alone for placing associated 
Quaternary deposits in sequence, they could prove a useful 
supplement to other criteria. A similar age trend is also 
shown by the percentage o~ total Al and Fe removed by 
oxalate in the present study (Figures 53, 56 and 57). Here 
the decline after some 18 9 000 years is associated with the 
solution of allophanic gels by water-soluble organic 
chelates at low pH. The presence of amorphous, organically-
complexed forms of Al and Fe in the older gley podzols 
prevents such a definite trend being observed for the 
percentage of total Al and Fe extracted by pyrophosphate 
(Figures 59, 62 and 63). Since doubt exists as to just 
what components are being extracted from di~fering systems 
by chemical reagents there may be some advantage in using 
one absolute term in so called "active lt iron ratios. Such 
an approach was used by Ellis (1969) when he used the ratio 
of dithionite-extractable Fe to total Fe as an index of the 
degree o~ weathering under aerobic conditions. 
McKeague p Brydon and Miles (1971) have stated that 
fractionation o~ the amorphous iron content of soils is 
necessary to distinguish between amorphous iron in 
spodic horizons that is usually associated with organic 
matter, and that present in soils developed on volcanic 
ash and in some prominently mottled cambic horizons. 
Attempts to effect a similar fractionation are reported 
by the United States Department of Agriculture (1970). 
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The latter work claims that pyrophosphate at pH 10 seems 
to remove Al and Fe from amorphous organic complexes more 
readily than from other amorphous spec~, whereas other 
extractants, such as oxalate, pyrophosphate at low pH and 
citrate-dithionite, are less selective of the amorphous 
compounds that are typical of spodic horizons. McKeague 
and his co-workers' claimed, however, that although 
pyrophosphate is reasonably specific for organic-complexed 
forms of Fe, it is less specific for these fo~ms of Al. 
Much of the available research on these reagents has 
involved extractions of synthetic organic complexes with A1 
and Fe p ' and of both synthetic and natural oxides and 
hydrous oxides. It is clearly desirable that the reagents 
should be tested on a wide range of soils, and that 
differential techniques such as those described in this 
section be applied in an effort to determine the components 
extracted by each reagent from actual soils. 
Furkert and Fie1des (1968) have claimed that the 
amorphous component in spodic B horizons is allophanic, 
and Brydon and Shimoda (1972) have demonstrated that the 
major portion of the clay fraction of the B horizon of a 
podzo1 from Nova Scotia contained an amorphous component 
that had many properties similar to those reported for 
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allophane. Although they also f'oWld a substantial 'f'reer 
iron content (45% oxalate-extractable, 10% pyrophosphate-
extractable) they were Wlable to determine its precise 
nature. They f'oWld no evidence that it was structurallY 
bOWld to the allophane as has been proposed by Jackson 
(1965) and concluded by Raman and Mortland (1969/1970). 
In the present study considerable quantities of' Al and Fe 
are extracted f'rom the water-dispersed <2 pm f'raction of' 
the B21 and C12 horizons of' Ah 1 (Table 46). These 
f'ractions also gave very high values f'or phosphate 
retention and f'or the Fieldes and Perrott test. 
likely that they too contain allophanic gels. 
It is 
Morphologically the Ikamatua and Ahaura B horizons 
resemble cambic horizons. They contain high contents of' 
both oxalate- and pyrophosphate-extractable Al and Fe 
species. Ratios of' pyrophosphate-extractable Al + Fe to 
clay content, and the index of' accumulation of' amorphous 
material in spodic horizons: (CEC - 0.5% clay) multiplied 
by horizon depth (United states Department of' Agriculture, 
1970) were calculated to see if' these horizons could 
qualif'y as spodic horizons on the basis of' their amorphous 
content. These data together with oxalate-extractable 
Al and Fe to clay ratios are presented in Tables 47 - 49. 
The horizons that meet the criteria of' an index value> 90, 
and a ratio of' % pyrophosphate-extractable (Al + Fe)/ 
% Clay> 0.2 are the A horizon of' I (0) 1, the AB horizon 
of' Ah 1, Ah 2 and Ah 3, the A2 horizon of' Ah 4, the B21 
horizon of' Ah 5, and Ah 6, the B1 horizon of' Ah 8 and the 
AB horizon of' Ah 9. 
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The general tendency for % oxalate-extractable 
Al (and Fe) I % clay values of the well-drained members 
of the sequence to be greater in the B and C than in the 
A horizons ( Table. 47) indicates that amorphous inorganic 
gels are accumulating faster than clay in the lower horizons. 
Possible explanations for this observed trend would include 
inhibition of gel formation in upper horizons, downward 
translocation of gels in colloid form, formation of gels 
at a faster rate than clay in lower horizons and destruction 
of gels in the upper horizons. The ratios of oxalate-
extractable to pyrophosphate-extractable Al and Fe to 
constant profile depth (Table 50) indicate an increasing 
relative importance of inorganic, amorphous Al to I(o) 1, 
followed by a decline in its importance relative to 
amorphous organic-complexed forms in the older soils. 
Amorphous, inorganic Fe declines in importance in soils 
older than Ah 1. These results can be interpreted as 
indicating the eventual solution of inorganic, amorphous 
gels by water-soluble chelates, and the conversion of Al 
and Fe to organic-complexed amorphous species. The 
lower ratios obtained for the Fe extractions may result 
from differences in the stability constants of the 
respective Al and Fe organic complexes. Those of Fe 
complexes increase as pH falls, whereas those of Al fall 
(Townsend and Aguilar, 1971). 
The analyses performed on the Taupo sandy silt 
warrant further comment even although this soil did not 
form part of the Reef ton chronosequence. The Taupo soil, 
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unlike the chronosequence soils, is formed on pyroclastic 
materials. The United states Department of Agriculture 
in the publication 'Soil Taxonomy' (1970) considers that 
the amorphous materials present in spodic horizons 
(organic-comp1exed forms of A1 and Fe, extracted by 
pyrophosphate at pH 10) differ from the inorganic, 
allophanic gels (oxalate-extractable) formed in pyroclastic 
materials. The ratios of oxa1ate- to pyrophosphate-
extractable A1 (and Fe) are certainly higher for the Taupo 
soil, than for any of the chronosequence samples, but it 
should be considered tnat factors other than parent 
material could contribute to such differences. The rain-
fall at the Taupo site (1270 mm) is considerably lower, 
the pH (6.2 - 6.6) much higher, and the age of the soil 
is but 1700 years. The present vegetation at the Taupo 
site is tussock, cocksfoot, and bracken fern, but the 
area carried podocarp forest prior to Polynesian fires 
(N.Z. Soil Bureau, 1968b). 
The most striking feature evident from the analyses 
performed on the Taupo samples (Tables 44 and 45) is the 
marked differences in chemical properties between the 
clay fractions and the coarser material. The A1 and Fe 
extracted from the soil by oxalate and by pyrophosphate 
came essentially from the clay fractions, and these form 
less than 2% of the material that could be dispersed by 
repeated sedimentation in distilled water, or by mechanical 
ana1y..sis following dispersion with Ca1gon. Phosphate 
retention and Fie1des and Perrott test values were also 
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determined by the reactivity of the clay fractions. 
Total A1 and Fe increased considerably with reduction in 
particle size, while total 8i and K decreased. The fine 
clay fractions thus yielded molar 8i02/A12 0 3 ratios 
between 1 and 2 while those of the 2 - 53 pm fraction 
exceeded 8. 
When considered in conjunction with these chemical 
parameters the DTA's (Figure 66) provide further evidence 
in support of the' soil a110phane model proposed by 
van Reeuwijk and de Vi11iers (1970). Only the two 
f~ne clay fractions, with, A12 0 3/A120 3 + 8i02 ratios of 
56% (B horizon) and 47% (C horizon) yield any appreciable 
high temperature exothermic reaction. The 2 - 53 pm 
fraction of both horizons, and even the 0.2 - 2.0 pm 
fraction from the C horizon, do not show this reaction. 
These samples all have A12 0 3/A120 3 + 8i02 ratios ~22%. 
The 0.2 - 2.0 pm fraction from the B horizon (ratio of 
33%) shows a consider~b1Y reduced 'reaction. Van Reeuwijk 
and de Vi11iers (1970) have demonstrated that the reaction 
is given by co-precipitated a1uminosi1ieate gels with 
A12 0 3/A12 0 3 ,+ 8i02 ratios of 45, 60 and 80%, but not 
by gels with ratios <::;: 30%. These results indicate that 
a composition somewhere between 30 and 45% A12 0 3 is 
necessary before the reaction is initiated. As it is 
likely that isolation of the various size fractions of 
the Taupo soil was incomplete, the 0.2 - 2.0 pm fraction 
from the B horizon could well contain < 0.2 pm material 
with a higher A12 0 3/A12 0 3 + 8i02 ratio. 
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The high loss-on-ignition values. from the <0.2 pm 
fractions indicate a close association between the 
inorganic and organic components. The suppression of 
the exothermic reaction when DTA's are carried out in 'a 
dynamic N2 atmosphere also suggests a strong link exists 
between allophane and organic matter. Such bonding could 
also result in finer, more aluminous gels being 
incorporated into a larger size fraction. Both Miyauchi 
and Aomine (1 964) and Campbell, Mitchell and Bracewell 
(1968) have demonstrated an increase in the intensity of 
this exotherm with decreasing particle size, but 
unfortunately neither group determined the chemical 
compositions of their size separates. The exothermic 
reaction, which leads to the formation of mullite, 
spinels and ¥-alumina thus occurs with both co-
precipitated aluminosilicate gels, and with natural 
allophanic soils. Wahl, Gr;l.m an.d Graf' (1 961) have 
shown that the formation of mulli~e from synthetic 
mixtures depe~ds on the structures of the components 
rather than on the chemical composition of the mixture. 
It has be:en demonstrated (Mr A. W. Young, Soil Science 
Department, Lincoln College, pers. comm.) that a co-
preoipitated aluminosilicate gel containing 45~ A12 03 
yields mullite between 900 and 10000 C, whereas mixtures 
containing the same quantities of A12 03 and Si02 as 
discrete amorphous phases do not •. This implies that 
some structural association must exist between Al and 
Si before nucleation of mullite occurs at these 
temperatures, and that this re1ationship exists in both 
synthetic a1uminosi1icate ge1s and in soi1 allophanes. 
The DTA pattern for the <0.2 pm fraction, and 
to a lesser extent of the 0.2 - 2.0 pm fraction of the 
Taupo B horizon show an unexpected suppression of the 
high temperature exotherm, and.a strong endothermic 
~ 
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reaction between 800 and 1000 C when run in a dynamic N2 
atmosphere(Figure 66). When the sample was heated in 
air or O2 to 600
0c, cooled to room temperature, 10 mg of 
activated charcoal added, and re-run in a N2 atmosphere 
a strong exothermic reaction was observed. The original 
sample run in an air or O2 atmosphere gave a much 10wer 
reaction, a feature previously noted by Campbe1l, Mitche1l 
and Bracewe1l (1968). This earlier work had also shown 
that charcoal appeared to have a catalytic effect on the 
formation of mullite. The only exp1anations that can be 
offered for the supp~ession of the exotherm in the <0.2 pm 
fraction from the B horizon of the Taupo soil when run in 
N2 are that either unexpected1y strong bonds exist between 
the a1loPhanic gel and organic matter, which heating to 
9000C has not completely disrupted, or that the organic 
matter content was so high, and so intimately distributed 
throughout the samp1e, that the charcoal formed on heating 
in the N2 atmosphere coated the aluminosilicate particles 
to such an extent that nucleation of mullite was prevented. 
Mr Young (pers. comm.) has also found that the 
-1 broad infrared absorption band near 1000 cm decreased 
in frequency with decreasing partic1e size for the size 
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separates ~rom the Taupo B and C horizons. This indicates 
an increase in Al-O-Si bonding relative to Si-O-Si with 
decreasing particle size. For the same samples Mr L.G. 
Livingstone (Soil Science Department, Lincoln College, 
pers. comm.) has demonstrated shi~ts in the wavelength o~ 
AlKP radiation with decreasing particle size. This 
sUggests that the proportion o~ the Al that is in six-fold 
co-ordination increases with decreasing particle size, and 
consequently with an increase in the A12 0 3 content. 
It is concluded ~rom the above data that the ~inest 
material present in the B and C horizons o~ the Taupo 
sandy silt is a chemically-precipitated aluminosilicate 
gel, not merely comminuted parent material. This 
conclusion is supported by the variations in total K with 
decreasing particle size and could be further tested by 
determining trace element levels o~ the various size 
separates, a technique that has been applied by Borchardt, 
Harward and Knox (1 971 ) • 
The chemical properties o~ precipitated gels would 
depend largely on their alumina content. This in turn. 
would be a function o~ parent material and other soil 
~orming ~actors. Such gels, particularly i~ they 
contained appreciable amounts o~ Al as six-~old co-
ordinated hydroxyalumina, may well be more reactive than 
comminution ·products or weathering residues o~ similar 
. '. 
particle size, where the Al would largely remain in 
~our-~old co~ordination. Both precipitated gels and 
comminuted .materials could exist in the same soil. As a 
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precipitated weathering product, the gel should be in 
equilibrium with its environment and tend to persist 
providing there were no drastic changes within the system. 
Comminution products and weathering residues, however, are 
likely to be unstable and be reacting with the same 
environment. Their rate o~ reaction should increase as 
their particle size decreases, unless they are stabilised 
by sur~ace coatings o~ hydrous oxides or by ~orming 
complexes with organic matter. Thus in environments 
~avouring their ~ormation, precipitated gels should tend 
to dominate in the ~inest ~ractions. 
The i~rared absorption patterns ~or the <:0.2 pm 
£ractions o~ a sequence o~ volcanic ash soils o~ 
increasing age (Fieldes and Furkert, 1966) show changes 
in ~requency with increasing age. This trend is consistent 
with an increase in the A120) content o~ precipitated gel 
systems, and implies higher Al levels in the matrix 
solutions with increasing soil age. As the solubility 
o~ alumina increases relative to silica at lower pH 
(Curtis, 1970) a decrease in pH as weathering progressed 
could provide these conditions. 
Thus soils having the properties o~ allophane B may 
contain in addition to comminuted parent materials, silica 
gels and co-precipitated aluminosilicate gels, where Al 
was present largely within a tetrahedral silica ~ramework. 
Soils With the properties o~ allophane A, on the other 
hand, would need to contain aluminosilicate gels with a 
polymeric ,;b.ydroxyalumina phase. In an e~~ort to ~ully 
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explain the differences observed in New Zealand volcanic 
ash soils of increasing age work with both synthetic and 
natural systems should be undertaken to establish what 
reactions take place if more siliceous gels are introduced 
into matrix solutions that would be in equilibrium with 
gels having a higher alumina content. The limits of gel 
formation in terms of Al and 8i concentrations at pH values 
<6 should also be established. 
Bracewell, Campbell and Mitchell (1970) have shown 
that the A12 0 3 content of the water ... dispersed < 1 .4 pm 
fractions of the three youngest soils of the sequence 
examined by Fieldes and Furkert (1966) increased with the 
age of the soil. They also obtained a ~i~h temperature 
exothermic reaction from all three soils on DTA examination 
of the <.1.4 pm fraction in a N2 atmosphere, although 
that given by the youngest soils was slight: Fieldes and 
Furkert (1966) did not present DTA data, but the soils 
were so exami~ed by Fieldes (1955), who fa~led to obtain 
a reaction from the two youngest members of the sequence. 
The samples used by Fieldes were peroxidised and then 
dispersed at a pH of 10.5. Campbell, Mitc~e~l and 
Bracewell (1968) have shown that both of these treatments 
tend to reduce the height of the exothermic peak. 
Further stUdies should be undertaken to determine 
if an age sequence of volcanic ash soils contains gel 
systems of increasing A120 3 content. In acidition to 
chemical and physical examination of a range of size 
separates the pH and Al and 8i contents of the matrix 
solutions should be determined. 
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v. MINERALOGICAL ANALYSES 
In this section the mineralogy of the sand (> 20 pm), 
silt (20 - 2 pm), coarse clay (2 - 0.2 pm) and fine clay 
« 0.2 pm) fractions is discussed. Unless otherwise 
stated organic matter and free iron oxides and hydrous 
oxides were removed by the methods described by Jackson 
(1956) prior to size fractionation. 
(1) Mineralogy of the Sand Fraction 
In an attempt to assess the uniformity of the parent 
material throughout the chronosequence, the mineralogical 
compositions of a narrow size range (177 - 125 pm) from 
the C horizon of each soil, and from the A horizon of 
each gley podzo1, was determined using a polarising 
microscope. To facilitate identification of minerals 
other than quart~ and fe1spar, samples were further sub-
divided into magnetic and non-magnetic fractions using a 
Frantz isodynamic magnetic separator operating at a current 
of 1.2 amp, 1 and set with side slope of 50 and forward 
slope of 300 • Slides for mineralogical determination 
were prepared by immersing the separated grains in clove 
oil. A minimum of 250 grains from each slide were examined. 
The results of these analyses presented as weighted means, 
are listed in Table 51. 
The mineral grains showed increasing alteration 
with time. This made positive identification difficult 
and some two-thirds of the grains from the A horizon of 
the oldest soil (Ok 1) were listed as unidentified. The 
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proportion o~ minerals appearing in the magnetic ~raction, 
and the levels o~ mica and chlorite are much lower ~or 
the gley podzo1s than ~or the younger soils. The quartz/ 
fe1dspar.ratios for the C horizons (excepting I(o) 1) 
showed a general increase with time, while those for':.the 
A horizon o~ the Ku 1 and Ok 1 soils were considerably 
higher than the va1ues~rom the corresponding C horizons. 
These results are consistent with the increased weathering 
of a parent material of similar mineralogical composition, 
and indicate that the sur~ace horizons of both gley podzo1s 
have undergone more intensive weathering and leaching than 
the under1~iDC C horizons. The discrepancy shown by 
I(o) 1 may be caused by a variation in the particle size 
, 
distribution o~ the parent material. It is di~ficu1t 
to explain the comparatively high value for the proportion 
of magnetic minerals in the A horizon o~ Ok 1. With the 
exception o~ small numbers of biotite and garnet all the 
grains in this ~raction were too'~a1tered to permit 
identi~ication. Despite deferration and a very low total 
Fe content these weathered residues may have retained 
sufficient Fe to render them paramagnetic. 
Biotite was the dominant mica identi~ied in the size 
range examined. This was partly a consequence of its 
greater ease of identi~ication when partly altered. 
Optical examination o~ coarser sand fractions showed that 
muscovite was the dominant mica mineral, and that its 
dominance was greatest in the gleypodzo1s - the two 
oldest soils. Some o~ the grains listed as unidentified 
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in Table 51 are probably sericitic residues. The dominant 
feldspar was sodic Pila&iec . .1.ase. Smaller amounts of 
potassium feldspar were present in all samples. 
Visual and optical examination of weathered gravels 
from the C horizons of the younger soils showed that the 
feldspar appeared to be weathering at a faster rate than 
muscovite. This is consistent with the observed weathering 
sequence proposed by Go1dich (1938), but differs from the 
order of weathering stability based on bond energies 
calculated by Keller (1954). The significance of this 
greater stability of muscovite on clay mineral genesis is 
discussed in Chapter 3; V, (3), (c). 
(2) Mineralogy of the Silt Fraction 
Semi-quantitative analysis of the 20 - 2 pm fraction 
was based on the intensity of diagnostic X-ray diffraction 
spacings from randomly-oriented specimens. Phy110si1icates 
present in minor amounts in the finer part of the size 
range were, detected by the use of preferentially-oriented 
specimens. These were prepared by air-drying aqueous 
suspensions on 38 x 25 mm glass slides. The oriented 
specimens were prepared using the same cation and glycerol 
saturation procedures required for the analysis of the 
clay fractions. 
,The dominant minerals present in the silt fraction 
were quartz, sodic plagioclase, mica and chlorite. Smaller 
amounts of potassium feldspar, vermiculite, interstratified 
mica-vermiculite, kao1ite, gibbSite and hornblende were 
also observed. 
The quartz content increased with increasing age o£ 
the soil, and decreased with depth £rom the sur£ace. In 
both gley podzols the silt £raction of all horizons 
(except Ku 1, C) was composed mainly of quartz. The 
feldspar content o£ the silt fraction increased during 
the first 18,000 years of soil development, but was very 
low in the Kumara and Okarito pro£iles. As with quartz, 
feldspar levels decreased with profile depth, but the 
variations were not as marked. Quartz/feldspar ratios, 
as indicated by the intensity of the quartz (100) spacing 
divided by that of the plagioclase (002) (Table 52) are 
comparable for soils younger than 18,000 years, but become 
much greater in the older gley podzols. The trends 
described here are similar to those observed by Mokma 
~!!. (1973) for a chronosequence of soils in South 
Westland. The earlier fall in silt feldspar contents in 
this latter sequence is probably a function of the much 
higher rain£all in South Westland. 
The mica content o£ the silt fraction decreased 
progressively with time, and increased with profile depth. 
Verm~culite (detected by a decrease in the intensity of 
the 1.4 nm spacing, and the enhancement of the 1.0 nm 
spacing following K+ saturation and heating at 3500 C), and 
interstratified mica-vermiculite (2.4 and 1.2 nm spacings 
on Mg2+ saturation) were present in all samples containing 
mica. Chlorite showed a similar trend to that described 
for mica, but was depleted more rapidly. Strong 
reflections £rom the £irst four orders of the basal 
134. 
spacing (after, allowing for any kaolinite present), and 
an increase in intensity of the 1.4 nm reflection on 
heating at 5500 C indicate the presence of a well-order~d 
ferro-magnesian chlorite. This mineral would be largely 
responsible for the trioctanedral (060) spacings such as 
that illustrated in Figure 67. Chlorite was not found in the 
A horizon of Ah 1, or above the B3G horizons of Ku 1 and 
Ok 1. Resolution of its second order spacing from the 
fourth order spacings of chlorite and vermiculite showed 
the presence of small quantities of kaolinite in the A and 
B horizons of all soils. Small amounts of hornblende 
were found in all horizons of the Ahaura and younger soils. 
Examination of the (060) spacings (Figure 67) of the silt 
fraction from the assumed parent material (C horizon of 
Ho 1) showed that dioctanedral phyllosilicates were more 
abundant than trioctanedral. 
Gibbsite was identified on the basis of the (002) 
spacing at 0.483 nm, the strongest reflection, which 
o 
was destroyed on heating at 350 C. It was observed 
only in preferentially-oriented specimens and was not 
sufficiently abundant to enable other reflect:i,ons to be 
detected for confirmation. Gibbsite was not detected in 
the Ho 1 ·and Ok 1 profiles, found only in the B2 horizons 
of the three Ikamatua soils and in the C horizon of Ku 1, 
but was present in the B21 and all lower horizons of Ah 1 • 
The strongest reflection was given by the B3 horizon of 
Ah 1. The occurrence of gibbsite in these soils is 
discussed in Chapter 3; v, (3), (c). 
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The only difference observed between I{w} 1 and 
I{0}1was the lower mica and chlorite levels in the 
gleyed horizons of the former soil as compared with 
comparable depths in I{o} 1. No obvious trends 
occurred along the two Ahaura transects. 
The considerable changes in mineralogy of the silt 
fraction with time are the resultant of gains from the 
physical breakdown of the minerals remaining in the 
coarser fractions, and losses by chemical weathering to 
the clay fraction. Such changes are influenced by the 
varying resistance to physical and chemical weathering 
of the different mineral species. The gradual dominance 
of both the sand and silt fractions by quartz indicates 
its greater comparab1e stability. The higher contents 
of mica and chlorite in the silt fraction of the younger 
soils of the sequences, as compared with the 177 - 125 pm 
fraction, result from their susceptibility to mechanical 
comminution, whereas the decrease in their contents 
towards the soil surface is consistent with an increasing .. 
intensity of chemical weathering. 
{3} Mineralogy of the Clay Fraction 
Clay fractions {coarse, 2 - 0.2 p.m; fine, <:0.2 pm} 
of the chronosequence and transect samples were separated 
from the soil {<2 mm} following peroxidation and defer-
ration {Jackson, 1956}. All samples were examined by 
X-ray diffraction and by DTA. To check if the minerals 
present were affected by the above chemical treatments, 
water-dispersed clay {<.2 pm} from selected samples was 
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also examined 0 Concentration of resistant minera1s p 
present in minor amounts p was attempted by digestion of 
1 g samples of the water-dispersed clay with 20 and 48% 
HF for periods of up to 24 hourso 
(a) Diagnostic Criteria for Clay Mineral 
Identification. Identification of the crysta1~ine mineral 
species present was based primarily on X-ray diffractometry. 
The diagnostic criteria applied are discussed below. 
Unless otherwise stated they refer to preferentia11y-
oriented specimens. Where DTA was required to confirm 
a diagnosisg the criteria used are discussed in context. 
(i) Micaceous clay minerals~ These are recognised by 
a 1;0 nm basal spacing p and its integral series of higher 
order ref1ections p that do not shift on varying the 
exchangeable cationg with glycerol solvation p or upon 
heating at 5500C (MacEwan g 1946)0 I11ite p originally 
defined by Grimg Bray and Bradley (1937)0 has tended 
to become widely used as a general name for micaceous 
minerals in the clay fraction of soi1so However p the 
proposed classification scheme for phyl10si1icates of the 
Nomenclature Committee of the AIPEA (Association 
International pour lWEtude des Argiles) (Bailey et ~. 
1971) has left open the status of illite (and of 
hydromica and sericite). The committee stated that 
"it is not yet clear whether or at what level 
they -would enter the (classification) table; 
many materials so designated may be 
interstratified". 
Dioctahedral and trioctahedral species may be 
distinguished from each other by the position of the 
(060) reflection (0.149 to 0.152 nm for the former g and 
0.152 to 0.1535 nm for the latter) and by the relative 
intensities of the first and second order basal reflections 
- the latter is a1most absent in trioctahedral species 
(Brown~ 1955). 
(ii) Vermiculite~ A 1.4 nm basal spacing on glycerol 
solvat1"on of Mg2+ t t d 1 h' h 11 t" sa ura e c ayp ~ 1C co apses 0 g1ve 
a sharp 1.0 nm spacing on K+ saturation and heating to 
3500~ is used to indicate the presence of vermiculite. 
In contrast to chlorite p vermiculite has a very weak 
0.7 nm reflection. 
(iii) Montmorillonite~ The presence of montmorillonite 
is'indicated by a basal spacing of 1.8 nm in glycerol, 
solvated p Mg2+ saturated clays. As with vermiculite 
this spacing collapses to 1.0 nm on K+ saturation and 
o heating at 350 Co In this study glycerol solvation was 
carried out by lightly spraying air-dried specimens with a 
10% aqueous solution of glycerol and allowing them to dry 
at room temperature. This procedure was repeated until 
the dried samples appeared translucent. Since it has 
been reported that some montmorillonite spacings do rtot 
expand beyond 1.4 nm if dried prior to the addition of 
glycerol (Jackson p 1956, and Fieldesg 1968)? A horizon 
samples yielding 1.4 nm spacings were also examined using 
the solvation technique recommended by Jackson ~ ~.(1954). 
Both techniques gave comparable results. 
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(iv) Chlorite: This group of minerals is recognised 
by an intergra1 series of peaks associated with a basal 
spacing of 1.4 nm, that show no expansion on glycerol 
o 
solvation, or collapse when heated at 550 C. Heating 
at 5500C sharpens the first order spacing and increases 
its intensityp whereas the intensities of the higher order 
spacings decrease. The first and third order spacings 
of iron-rich ch10rites are relatively weak compared with 
those of magnesium-rich species (BroWll p 1955, and,Brind1ey 
and Gi11eryp 1956)p but this does not necessarily apply 
to ch10rites occurring in the clay fraction of soils 
since defects produced by weathering may also influence 
the relative intensities of the individual reflections 
(Bradley 9 1954). 
(v) Kaolinite group minera1sg Kaolinite is characterised 
by strong first and second order basal reflections at 
0.715 and 0.36 nmp respectively 9 that show no expansion 
on glycerol solvation p but disappear on heating at 5500c, 
since at this temperature p the crystal structures of 
minerals of the kaolinite group are destroyed. 
Metaha110ysite shows a broad basal spacing ranging from 
0.72 - 0.75 nmp which is sharpened and reduced to 0.72 nm 
on heating at 3500C. Some ha110ysites show strong 
reflections at 1.0 nm. with no second order peak and a' 
third order of about 0.34 nm. If dried at 1100C they 
show collapse to about 0.72 nm. 
In the presence of chlorite, identification of 
kaolinite by X-ray diffraction may prove difficult, since 
the second and fourth order reflections of the former 
tend to overlap the first and second order kaolinite 
spacings. When this occurs the presence of kaolinite 
is best confirmed by the use of infrared absorption 
spectroscopy, DTAp by the formation of intersal.t~.n 
complexes with potassium acetate (Andrew p Jackson and 
Wada p 1960), hydrazine (Wada and Yamada, 1968) or 
dimethyl-sulphoxide (Garcia and Oamazano p 1968) which 
cause expansion of the kaolinite lattice but do not affect 
chlorite, or by digestion with 6 molar HOI for 30 minutes 
at 950 0 (Hayashi and Oinuma g 1964)p which eliminates 
chlorite, 2 g 1 - 2 ~ 2 Al-intergrades and vermiculite, 
but only partially dissolves kaolinite. 
In the present study kaolinite second order 
reflections occurred at 0.358 nm. In all coarse clay, 
and in some fine clay specimens this peak was resolved 
from the fourth order reflections of 1.4 ···nm species which 
tended to occur at about 00534 nm (Figure 68). Often, 
too, the first order kaolinite spacing at 0076 nm was 
resolved from their second order reflections. The 
presence of kaolinite wasp however p always confirmed by 
DTA, and with selected samples p by HOI digestion (e.g. 
Figure 68). 
(Vi) Interstratified minerals~ Differential weathering 
of individual layers of the various phyllosilicate 
minerals described above leads to the formation of inter-
stratified clay minerals. These intergrades contain 
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layers of two or more different components. If these 
occur with a fixed periodicity a regularly interstratified 
mineral occurs. Such minerals show first order basal 
spacings corresponding to the sum of the basal spacings 
of the individual components p and yield an integral series 
of higher order reflections. The intensities of these 
reflections tend to be strongest near the basal reflections 
of the component layers. In contrast the first order 
spacing of randomly - interstratified minerals is inter-
mediate between those of the individual components and 
the higher order reflections form non-integral series 
(MacEwan p Ruiz Amil and Brown, 1961). In theory, all 
transi tions between regularly-and randomly-interstratifie-d 
minerals are possible. The diagnostic criteria of the 
mixed-layer minerals observed in this study are as follows: 
2 g 1 - 2 ~ 2 Al-intergrade (or pedogenic chlorite or 
chloritised vermiculite)g These intergrades are 
characterised by a sharpv high intensitY9 1.4 nm 
reflection that gradually collapses towards 1.0 nm 
on heating to progressively higher temperatures 
(Dixon and Jacksoo p 1962). Complete collapse to a 
sharp 1.0 nm spacing does not occur on heatingp nor 
does the 1.4 nm reflection intensify. The 
properties of the intergrade are therefore inter-
mediate between those of vermiculite and chlorite, 
and its resistance to collapse on heating results 
from the presence of hydroxyalumina polymers in the 
interlayer spaces. 
The New Zealand Soil Bureau recognises two forms 
of vermiculite in soils 9 vermiculite (2) which 
+ collapses to 1 0 0 nm at room temperature on K 
saturation, and vermiculite (1) which collapses 
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to 1.0 nm only on heating at 5500 C (Fieldes, 1968). 
Un~ortunately Fieldes does not indicate whether the 
collapse o~ vermiculite (1) yields a sharp 1.0 nm 
spacing p or merely a broad low intensity band 
approaching 1.0 nm, but it appears likely that 
vermiculite (1) is a 2 ~ 1 - 2 : 2 Al-intergrade. 
A similar intergrade with properties intermediate 
between those of montmorillonite and chlorite also 
occurs. 
Mica-vermiculite~ This type o~ interstrati~ication 
is characterised by a re~lection between 1.0 and 
1.4 nm on Mg2+ saturation and glycerol solvation p 
which collapses to give a sharp 1.0 nm spacing 
on K+ saturation and heating at 3500 C. The presence 
of a reflection about 2.4 nm on glycerol solvation 
indicates some regularity in the interstratification. 
Mica-chlorite: These intergrades show a spacing 
between 1.0 and 104 nm that is not af~ected by 
glycerol solvation p or by heating at 5500 C. 
Interstrati~ied montmorillonite: Peak migration 
curves for random interstratifications of 100 and 
1.75 nm layers (MacEwan p Ruiz Amil and Brown p 1961; 
and Ruiz Amil p Garcia and MacEwan, 1967) indicate 
that changes in the relative proportions of the two 
components do not significantly alter the position 
of the 108 nm spacing 0 The major variation is in 
the intensity of the peak. This means that the 
1.8 nm spacing in a diffractogram could be due to 
an interstratified mont~orillonite-mica. 
Estimating the degree on interstratification (if 
any) is usually based on the position o~ the 001 
(1.0 nm)/002 (1.8 nm) peak which migrates between 
00885 and 1.00 nm as the mica content increases. 
Other higher order peaks may also be used p but these 
are o~ten of lower intensity and/or overlapped by 
peaks ~rom other components. 
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Mills ~d Zwarich (1972) postulate, however, that 
as overlapping peaks are not resolved if the spacing 
between them is less than the width at half peak height 
of the individual peaks~ fine clay fractions containing 
discrete mica and montmorillonite could be wrongly 
interpreted as containing an interstratified mineral. 
They suggest that the apparent position of the broad peak 
caused by the unresolved first order mica and second order 
montmorillonite peaks in mixtures of the discrete minerals 
would also vary with changes in the relative concentrations 
of the two components p and thus cause the diffractograms 
to resemble those of interstratified minerals. They 
conclude that in the absence of definite evidence of 
interstratification it is advisable to consider the sample 
as a mixture of two discrete species. 
2+ The presence of a 2.8 nm spacing in Mg saturated, 
glycerol solvated specimens from the A2 horizons of some 
soils from the present study does, however~ indicate an 
interstratified mica-montmorillonite. Examples of 
interstratified montmorillonite-vermiculite were observed 
iriother surface horizons. These samples showed 
t b 4 d 1 8 M 2+ t t·-expansion 0 etween 1. an . nm on g sa ura 10n 
and glycerol solvation~ while K+ saturated specimens 
'~elded a sharp 1.0 nm peak on heating at 3500 0. other 
samples~ which gave a broad, low intensity band with 
one or two maxima in the range 1.0 to 1.4 nm for K+ 
saturated specimens~ collapsed to a strong sharp 1.0 nm 
spacing when ~eated at 3500 0 9 and showed expansion to 
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larger spacings and the appearance of a 1.0 nm peak on 
Mg2+ saturation and glycerol solvation, probably contained 
three component, mica-vermiculite-montmorillonite, 
interstratified clays. 
(vii) Quartz~ Identification of quartz in ~ray 
diffractograms of soil clays is usually based on the (100) 
spacing at 0.426 nm, since the more intense (101) reflection 
at 0.3343 nm nearly coincides with the strong third order 
reflection of micaceous miner~~s. 
(viii) Gibbsite: Crystalline gibbsite is recognised 
by the presence of the (100) spacing at 0.485 nm. In the 
present study no other spacings could be obtained for 
confirmation and its presence was always checked by DTA. 
The 0.485 nm spacing was destroyed on heating at 3500 C. 
(ix) Feldspars: Small quantities of plagioclase and 
potassium feldspars in soil clays are usually recognised 
bY-spacings between 0.318 and 0.324 nm (Jackson, 1956 and 
1964) .' 
(x) Amphibolesg Most amphiboles have a (110) plane 
that coincides with their perfect cleavage plane. This 
yields a reflection between 0.840 and 0.848 nm that can 
be used to indicate the presence of amphiboles in 
preferentially-oriented specimens (Jackson, 1956 and 1964). 
(xi) Titanium oxides ~ These minerals were identified 
in randomly-oriented specimens following HF digestion. 
The presence of rutile was indicated by ref'lections at 
0.326 (110), 0.249 (101), 0.230 (200), 0.219 (111), 
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0.205 {210}, and 0.1687 nm {211}, and anatase by spacings 
at 0.351 {101}, 0.238 {004}, 0.189 {200}, 0.170 {105} anq 
0.1665 nm {211}. 
{xii} Plumbogummite minerals: Minerals of this group 
show spacings near 0.574,0.352,0.296,0.270,0.252,0.221, 
0.218, 0.190 and 0.175 nm. The identification of these 
minerals in HF digestion residues using the method proposed 
by Sarma and Krishna Murti {1969/1970} encountered 
difficulties associated with the solution of the minerals 
and the precipitation of complex fluorides having ~ray 
diffraction patterns that could be confused with those of 
the phosphates. This aspect of the results is discussed 
in d~tail in Chapter 3; V9 (4). 
(xiii) Goethite~ Crystalline goethite is recognised 
by spacings at 0.497, 0.418, 0.270, 0.258 and 0.244 nm. 
{b} Quantitative Analysis of Soil Clays. In the 
qualitative identification of clay minerals by X-ray 
diffraction the positions of the various basal reflections 
and their alteration or otherwise under different treat-
ments is evaluated. For this purpose preferred orientation 
along the basal planes is desired. For the quantitative 
analysis of mixtures, however, the {hkl} reflections from 
randomly-oriented samples should be measured. If 
mixtures for analysis contain essentially monomineralic 
components, and these pure components are also available 
for calibration purposes it is possible to obtain a high 
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degree of accuracy by this method (Hofmann, 1956; Mitchell, 
1960; and MacKenzie, 1961). The clay minerals found in 
soils show variations in particle size and in their degree 
of crystallinity, changes in chemical composition within 
individual mineral groups, interstratification, and 
contamination with organic matter and amorphous sUbstances. 
~uantitative analysis by X-ray diffraction becomes rather 
uncertain for such systems as it is not possible to refer 
the (hkl) reflections to known standar~ (Grim, Bradley 
and White, 1957; and Weaver, 1958) and it has become 
customary to utilise the intensities of the basal spacings 
for both semi-quantitative and qualitative determinations. 
The intensities of the characteristic X-ray 
diffraction spacings of minerals can not be used directly 
as indicative of their concentrations because of variations 
between diffractograms caused by instrumental (e.g. width 
of divergence, receiving, and scatter slits) and sample 
(e.g. thickness, and degree of preferred orientation) 
parameters. In addition, different minerals, different 
planes of atoms within a mineral, and different sampl~s 
of the same mineral, may vary in the intensity with which 
they diffract X-rays. Iron-rich chlorites for example, 
give less intense 1.4 nm reflections than magnesium-rich 
varieties (Brown, 1955, and Brindley and Gillery, 1956). 
The intensities of chlorite spacings thus depend on mineral 
composition as well as concentration~ 
Useful comparisons and indications of trends may be 
obtained, however, by utilising intensity ratios based 
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on diagnostic peak areas. Since these ratios yield 
information on only two of the minerals in a sample, and 
because any observed variations may be caused by changes 
in the concentration of one or of both components,it is 
desirable that the concentration of each mineral be expressed 
as a part of the total mineral concentration. This has 
been achieved in the present study using an approach similar 
to that of Johns, Grim and Bradley (1954), in which the 
"percentage" of each phyllosilicate component is obtained 
from weighted intensities. To obtain such "percentages" 
it is necessary to assume that the properties of each 
mineral do not vary between samples, that the weighting 
factor for each mineral applies equally to all particles 
of that mineral in all the samples compared, and that the 
sum of the weighted (peak-area) intensities represents the 
total composition of the sample. 
The diagnostic peak areas considered were: 
(:1) Illi te (mica): - area of the 1. Onm reflection /(Mg2+ 
saturated, glycerol solvated slide). 
(ii) Montmorillonite:- area of the 1~8 nm reflection 
(Mg2+/glycerol). 
(iii) Chlorite:-
(iv) Vermiculite:-
(v) Kaolinite:-
area of the 1.4 nm reflection 
(K+ /5500 C) • 
area of the 1.4 nm reflection (Mg2+ 
/glycerol) minus the area of the 
same reflection followi~g K+ 
saturation at 20oC. 
area of the 0.7 nm reflection (K+/ 
3500 c) multiplied by the proportion of 
kaolinite in the resolved 0.35 nm 
kaolinite second order/chlorite 
~ourth order doublet. The 
justi~ication ~or this has been 
demonstrated by Biscaye (1964). 
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(vi) Pedogenic chlorite:- area o~ the 1.4 nm re~lection 
(K+/200 C) minus the area o~ the 
same re~lection a~ter heating at 
550oC. 
'(vii) Interstrati~ied Illite-Vermiculite:- area o~ the 
1.2 nm re~lection (Mg2 +/glycerol) 
minus the area o~ the same 
re~lection a~ter K+ saturation. 
(viii) Interstrati~ied Illite-Chlorite:- area o~ the 
1.2 nm re~lection (K+/550oC). 
Peak areas were obtained by the technique described 
by Schultz (1964). Some di~~iculty was encountered in 
estimating the intensity o~ kaolinite in ~ine clay 
~ 
specimens containing both kaolinite and chlorite in which 
the 0.35 nm doublet was unresolved. In these instances 
the chlorite contribution to the 0.7 nm spacing was 
estimated on the assumption that the chlorite ~irst order: 
second order peak area ratio was similar ~or both the ~ine 
and coarse clay ~ractions. Some samples containing 
interstrati~ied minerals yielded very broad, low intensity 
bands between 1.0 and 1.8 nm, that collapsed to sharp 
1.0 nm peaks on K+ saturation ~ollowed by heating at 350oC. 
The concentration o~ these minerals was determined ~rom 
the area o~ the 1.0 nm peak at 350oC. I~ a discrete 
2 : 1 - Type phyllosilicate was also present it was 
assumed that the contributions o~ that mineral and o~·the 
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intergrade to the 1.0 nm peak were additive and linear. 
The measured intensities were weighted because 
diffraction intensity is dependent on the angle of 
reflection. Since reflections at lower angles of 
incidence give stronger peaks of greater intensity than 
reflections at higher angles, application of factors 
which compensate for this should make direot comparison 
of peak areas more reasonable. Although this type of 
. 
analysis is crude by comparison with situations able to 
utilise random specimens and reliable standards, it is 
reasonably sound in its approaoh, and for poorly-
crystalline materials Brindley (1961) considers that it 
is probably the best that can be devised. It must be 
stressed that the weighted peak-area "percentages" 
obtained are constructions and should be considered as 
unverifiable approximations of actual percentages. The 
factors used to weight the measured peak-areas are 
discussed below. 
Johns, Grim and Bradley (1954) have shown that at 
1.7 nm the reflected intensity of an expanding 2 : 1- ~pe 
phyllosilicate is four times that exhibited by the same 
mineral at, 1.0 nm, while Bradley (1953) has further ~~ 
>:}" 
indicated that the reflections at 1.4 and 1.2 nm also 
exceed those at 1.0 nm, by factors of three and two, 
respectively. The measured intensity of illite wa~, 
therefore, used as reference, and those of montmorillonite, 
vermiculite and interstratified illite-vermiculite 
reduced accordingly. The 1.4 nm chlorite reflection in 
ignited specimens has been shown to be comparable to the 
illite 1.0 nm reflection (Weaver, 1958). The measured 
intensities of chlorite and interstratified illite-
chlorite were, therefore, not adjusted. Schultz (1958) 
has shown that the peak-area ratio of the 0.7 nm kaolinite 
reflection and the 1.0 nm reflection of oollapsed 2 : 1 
- Type phyllosilicates ranges from 1 : 1 for poorly-
crystalline kaolinite, to 2 : 1 for highly-crystalline 
varieties. An indication of the degree of crystallinity 
of kaolinite can be obtained from the area : height 
ratio of the 0.7 nm spacing (Schultz, 1958), but the 
presence of chlorite interferes. Digestion with HCl 
to remove chlorite was not attempted as this could possibly 
attack any poorly-ordered kaolinite present, and an 
intermediate value for the ratio of 1.5 : 1.0 was used 
for "~t·i.ngp~poses 0 Pedogenic chlorite can vary in 
composition from approaching vermiculite to that of a 
dioctahedr~"Al-chlorite. This mineral has been 
weighted as a vermiculite in all sam~les. Consequently 
its "percentage" will tend to be underestimated in samples 
where the degree of hydroxyalumina interlayering is 
extensive. 
Weighted peak area "percentages" for the phyllo-
silicates present in the clay fractions of the chrono-
sequence and transect soils are listed in Tables 53 to 
58. Also indicated in these tables are the relative 
intensities of the quartz (100) spacing and the presence 
of feldspars and hornblende. Quartz intensities are 
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expressed as percentages of the highest value measured, 
that of the coarse clay fraction of the A horizon of the 
Okarito soil. 
Differential thermal analysis is recognised as a 
highly quantitative and' reproducible technique for the 
estimation of gibbsite (de Vi11iers, 1969; and Davis 
and Holdridge, 1969). It was used in the present study 
to determine gibbsite levels in the clay fractions 
isolated from the chronosequence soils (Figures 69 - 76). 
The gibbsite used as reference came from nodules found 
in the subsoil of the Waiotu friable clay. These were 
ground to pass a 53 pm sieve and air-dried at 10500 
before weighing. X-ray, differential thermal and 
infrared analyses failed to detect any contamination. 
As the main gibbsite exotherm is not appreciably affected 
by particle size variation (MacKenzie, 1957) a single 
reference plot of peak area v concentration (Figure 77) 
was used for all size fractions. The results obtained 
are included in Tables 53 - 58. 
An alternative approach to quantitative mineralogical 
analysis of soil clays has been devised by A1exiades and 
Jackson (1966b). Their system combines selective 
dissolution methods developed earlier for the determination 
of mica, quartz and feldspar (Kiely and Jackson, 1965), 
amorphous a1uminosi.1icates, gibbsite and 1 : 1 .JI'ype 
phy110si1icates (Hashimoto and Jackson, 1960), anatase 
and rutile (Raman and Jackson, 1965), cation exchange 
capacity measurements for the determination of vermiculite 
and montmorillonite (A1exiades and Jackson, 1965) and 
thermal analyses to determine chlorite (A1exiades and 
Jackson, 1966a) into a single unified scheme. Their 
scheme has found application outside the authors' 
laboratories (e.g. Le Roux, 1973; and Mura1i, Sarma 
and Krishna"Murti, 1974), but has yet to achieve 
widespread routine application. 
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It was considered that satisfactory application of 
the scheme to the present study was hampered by a number 
of factors which could affect its accuracy. The 
differential DTA techniques,a1ready discussed in Chapter 3; 
IV, (3)., showed that treatment with boiling 0.5 molar 
NaOH (Hashimoto and Jackson, 1960) removed crystalline 
gibbsite andphy110si1icates from the yellow-brown earths. 
Use of this reagent would thus lead to the levels of the 
dissolved minerals being underestimated, and the 
quantities of amorphous aluminosilicates grossly 
overesti~ted. 
Niederbudde (1973) has reported significant positive 
correlations between the amount of potassium fixed and the 
quantity of beide11itic smectite, as estimated from the 
intensity of the 1.8 nm spacing, for a range of soils and 
sediments from 10essia1 districts in Cen~ra1 Germany and 
Lower Bavaria. No significant relationship existed 
between fixed potassium and vermiculite contents. An 
estimation of vermiculite content, based on potassium 
fixation, of these soils would include the smectite. 
W~th muscovite the dominant mica in the present study area, 
152. 
the possibility o~ the montmorillonite mineral ~ormed by 
pedogenesis belonging to the montmorillonite-beidellite 
series must be considered. Ross and Mortland (1966) have 
shown that beidellite was ~ormed in the A2 horizons o~ 
spodo.o~.,by the removal, through weathering, o~ the 
inter1ayer material in a 2 : 1 - 2 : 2 A1-intergrade. 
5mecti tes with layer· char.ge arising predominant1y ~rom 
tetrahedral substitution o~ A1 ~or 5i have their main 
dehydroxylation peak in the 50000 region when examined by 
DTA, whereas that o~ montmorillonite itse1~ usually occurs 
about 70000 (Greene - Kelly, 1957). Di~~erentia1 
thermo grams (Figures 71 - 75) ~or clay ~ractions that 
contain appreciable smect~te (Tables 53 - 58) show 
dehydraxy1ation peaks in the 500 - 55000 region, but no 
peaks about 70000. The presence o~ structural de~ects 
can, however, cause a r.eduction in the dehydroxy1ation 
peak temperature o~ we11-de~ined montmori110nites (Grim 
and Bradley, 1948; and Greene-Kelly, 1957). 
The presence in the A and upper B horizons o~ the 
yellow-brown earth members o~ the sequence o~ considerable 
organic matter (as characterised by intense DTA exotherms 
o . stretching~rom 200 to 700 O~ peak temperatures 300 -
o . ) 350 0 T when run in an oxidising atmosphere that is n~~ 
removed by exhaustive digestion with H20 2 could also 
inter~ere with mineral determinations based on OEO 
measurements. other criticisms o~ the method are that 
it assumes a ~ixed value ~or the OEO of all vermiculites, 
and that hydroxy-A1 inter1ay~rs in pedogenic chlorite may 
prevent potassium fixation by preventing interlayer 
collapse or by denying access to ions. 
Because of possible errors caused by the above 
factors it was decided not to apply the scheme in the 
present study, and to rely on the use of the weighted 
peak-area "percentages" to determine trends in clay 
mineralogical composition. 
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(c) The Ahaura Transects. The clay mineralogy 
of the transect soils is considered first, since it gives 
a particularly clear insight into the competing processes 
that control the olay mineralogy of the soils of the 
sequence. 
(i) At site Ah 1: At Ah 1, the maximum sampled distance 
from either of the two living bee~h trees, or the decaying 
beech stump, the dominant minerals p~esent in both the 
fine (Table 53) and coarse (Table 54) clay fractions are 
mica, chlorite, vermiculite, pedogenic chlorite and kaolinite. 
Minor amounts of gibbsite (determined quantitatively by 
DTA), quartz, feldspar and an amphibole were present in 
the coarse clay fraction; but only the first nam~d was 
observed in the fine clay. 
Kaolinite levels in the clay fractions, as determined 
by weighted peak-area "peroentages", showed little varia-
tion with profile depth. This was confirmed by DTA 
(Figure 73). Comparison of the peak areas for kaolinite 
dehydroxylation from these thermograms with standard 
curves containing known additions of kaolinite showed 
agreement with the 10 .. 20% levels obtained by the X;-ray 
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technique. It should be remembered, however, that the 
amounts of the various clay minerals present in individual 
soil horizons also depend on the clay contents of those 
horizons. An attempt to show absolute trends, with both 
profile depth and increasing soil age, is shown in Table 55. 
To construct this table the weighted peak-area "percentages" 
presented in Tables 53 and 54 are multiplied by .the 
relevant clay contents (Table 7) and summed. These values 
show comparable amounts of kaolinite in the Ahaura A and 
B horizons, with lesser amounts in the coarser textured 
C horizons. Table 55 makes no allowance for.the presence 
of "clay" minerals in the silt fraction. 
o The e~othermic peak between 900 and 1000 C shown by 
the fine clays (Figure 73) is too large to be explained 
solely in terms of the kaolinite content, but the coarse 
clay fractions show little evidence of this peak. Its 
loss is unlikely to be J'e1ated to particle size, or to the 
degree of order of the kaolinite. Although the presence 
of a high level of organic matter has been shown to 
suppress the equivalent reaction in an allophanic material 
(Figure 66), and the Ahaura clay fractions-do retain 
peroxide-resistant organic matter even in the lower 
horizons, this is not likely to be responsible, since the 
fine clay fraction retains the higher amount and the 
organic matter is more likely to be associated with 
components other than kaolinite. Saunders and Giedroyc 
(1950) have shown that iron compounds may completely 
suppress the peak, but the samples used were deferrated. 
Mica is found only in the lower horizons, 
vermiculite increases bot~ in concentration and amount 
towards the surface, whereas chlorite and pedogenic 
chlorite are most abundant in the upper part of the B 
horizon. The method used to differentiate between 
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primary and pedogenic forms of chlorite in this study 
would tend to overestimate the former at the expense of 
the latter, if the hydroxya1umina inter1ayers developed 
during pedogenesis contributed to the intensity of the 
1.4 nm spacing at 55000. The horizons with the highest 
content of pedogenic chlorite, the B21 and B22 , are also 
the horizons where the highest percentage of total soil 
A1 is oxalate-extractable (Figure 56). The increase in 
vermiculite towards the surface, the particularly high 
levels in both size fractions from the A and AB horizons, 
and its persistence to greater depth in the coarser clay 
fraction are confirmed by varia~ions in the 10w-
temperature endothermic peak system of the differential 
thermo grams (Figure 73). 
Since weathering intensity decreases with depth the 
maximum accumulation of the intergrade, pedogenic 
chlorite, might be expected to occur at the surface as 
reported by Rich (1968). However, the combination of 
low pH and high organic matter content of the A horizon 
may have Prevented or inhibited intergrade formation, 
or may have caused the dea1umination of an intergrade 
formed at an earlier stage of soil development. Studies 
by He11er-Ka11ai, Yariv and Riemer (1973) have suggested 
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that sorption of organic materials by clays rat~er than 
impeding chl'oritis,.tim. may under certain circumstances 
actually cause it. The mere sorption and desorption of 
amines or ~inoacids has led to the fixation of hydroxy-
alumina by montmorillonite. An increasing accumulation 
of hydroxyalumina interlayers with depth is shown by 
an increasing resistance of K+ saturated clays to collapse 
on heating. The fine and coarse clays from the A horizon 
collapse to sharp 1~03 nm peaks at 3500 C, but those from 
the B21 yield broader spacings at 1.13 nm that collapse 
further to form asymmetric peaks at 1.05 nm iT heated 
at 5500 C (Figure, 78). 
Harward and Theisen (1962), and Harward,Theisen 
and Evans (1962) have shown that the identification of 
clay minerals in soils is influenced by sample preparation. 
Th~found that the tendency to identify minerals of the 
montmorillonite group increased with increasing intensity 
of the treatments used to remove "free" iron or effect 
dispersion. Use of water-dispersed < 2 pm clay from the 
Ahaura A and B horizons as a reference confirmed that 
although the deferrated clays used in this study did 
collapse more readily on heating, vermiculite and not 
pedogenic chlorite was the dominant species present in 
the A and AB horizons. The endothermic peaks between 
400 and 4300 C (Figure 73) are probably associated with 
hydroxyalumina species. These peaks are more strongly 
expressed in the deferrated fine and coarse clay samples, 
than in the water-dispersed~2 pm fraction. 
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The results obtained ~or this pro~ile are consistent 
with the weathering o~ mica and primary chlorite to 
vermiculite and pedogenic (aluminous) chlorite. The 
kaolinite present may well have ~ormed through chemical 
weathering o~ ~eldspars. 
(ii) E~~ect o~ red beech on clax mineral genesis: The 
i 
mineralogical composition o~ the clay ~ractions from the 
B21 horizons showed little var~ation along either transect, 
but some striking changes were observed in the upper 
horizons (Tables 56 - 59). In all topsoil horizons where 
pH values were < 4.,5 both clay fractions were dominated 
2+ by a mineral that expanded to 1.8 nm on Mg saturation 
and glycerol solvation. The 1.8 nm spacing was sharpest, 
most intense and fOWld to greatest profile depth at Ah 5 
and Ah 6; that is nearest the stems of the decaying 
beech stump and the larger living beech (Figure 78). 
The ~ine ~lay traction from the A21 horizon at Ah 5 gave 
reflections at 2.8,1.79,0.925,0.601,0.453 and 0.301 nm 
as well as those ~rom kaolinite at 0.716 and 0.358 nm. 
The intense 1.8 nm spacing and the fairly rational series 
of higher orders suggest a dominance of montmorillonite 
(the fifth order of which would also contribute to the 
0.358 nm spacing), but the presence o~ a 2.8 nm spacing 
indicates some interstratification with mica." The 
0.925 nm peak woul~ indicate a mica layer contribution o~ 
50% when fitted to the peak migration curves of MacEwan, 
Ruiz Amil and Brown (1961), but the higher order peaks 
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at 0.453 and 0.301 nm indicate a lower mica content o~ 40%. 
M1lls and Zwarich (1972) discussed the di~~iculties 
encountered in the recognition o~ interstrati~ied mica-
montmorillonite Qlays, and note that when particle size 
is small, ~ailure to resolve the montmorillonite (002) and 
mica (001) spacings causes di~fractograms from samples 
containing discrete minerals to resemble those o~ inter-
strati~ied clays. Mills and Zwarich also note that 
consideration should be given to the possibility that 
dispersion o~ montmorillonite into single ~lakes one layer 
(1.0 nm) thick during dispersion and their subsequent 
~locculation during slide preparation, may cause inter-
stratified species to be created, destroyed or altered. 
With inoreasing distanoe ~rom Ah 5 or Ah 6 (e.g. 
~rom Ah 5 to Ah 2) the 1.8 nm spacing ~rom the ~ine clay 
~raotion decreased in intensity and broadened towards 
1 .0 nm. The 0.9 ~ 1.0 nm reflection also broadened and 
moved towards 1.0 nm until at Ah 2 it had become a 1.0 nm 
shoulder on a broad 1.8 nm peak. Migration of the 0.9 
- 1.0 nm peak indicates an increasing mica content 
(MacEwan, Ruiz Amil and Brown, 1961), while the loss in 
intensity and broadening o~ the 1.8 nm spacing indicates 
a loss o~ crystal order. All clays that expanded to 
1.8 nm collapsed to sharp 1.0 nm re~lections ~ollowing 
K+ saturation and heating. 
The coarse clay ~raction at Ah 5 also gave an 
intense 1.8 nm spacing, and it showed a broad peak at 
0.96 nm, which although asymmetric, was not resolved 
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into 0.9 and 1.0 nm spacings. With increasing distance 
~rom the living trees or the decaying stump the intensity 
o~ the 1.8 nm re~lections showed the same changes as 
described ~or the fine clay specimens. Spacings at 
2.8 nm were also given by the coarse clay ~ractions. 
Montmorilloni~e was also a major component o~ both clay 
~ractions ~rom the A2 horizon at I{o) 2, and the OA horizon 
at I{W) 1 (Tables 53 - 5,). 
It can not be stated with certainty whether the 
clay ~ractions ~rom these very acid sur~ace horizons 
contain largely discrete montmorillonite and mica, or 
whether there is considerable interstrati~ication o~ 
these two components and possibly o~ vermiculite as well. 
The very intense 1.8 nm spacings given by some o~ the 
samples (e.g, at Ah. 5) would seem to indicate a montmoril-
lonite content greater than that predicted by the peak 
migration curves of MacEwan, Ruiz Amil. and Brown (1961). 
This uncertainty, and the obvious changes that take place 
along the transects, cause problems in recording these 
minerals in Tables 56 - 59. Similar problems have been 
encountered by Schultz (1964), Biscaye (1965) and Brydon, 
Kodama and Ross (1968). 
Biscaye (1965) used the ratio o~ the height o~ the 
1.8 nm peak above background (p) to the depth o~ the 
"valley" on i t·s low-angle side (v) as a measure o~ the 
crystal order o~ montmorillonite. Because o~ the low-
angle pOSition of the montmorillonite peak (about 60 2Q), 
the depth o~ the "valley" is a ~unction .o~ where the low-
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angle side o~ the 1.8 nm montmorillonite peak intercepts, 
and adds to the general background radiation, which rises 
exponentially at low angles. A well-ordered montmorillonite 
would have a vip ratio approaching one, and decreasing 
crystal order would be indicated by lower values ~or the 
ratio. Since the vip ratio makes no direct assessment 
o~ 'peak width it may not be completely independent o~ 
montmorillonite concentration, and thus may be suspect as 
, a true measure o~ crystallinity. Because o~ the very low 
29 angle involved Biscaye (1965) considers it to a~~ord 
a good approximation. The ratios obtained ~or samples 
~rom the present study containing appreciable amounts 
o~ montmorillonite are listed in Table 60. This table 
also includes a number o~ samples not previously identi~ied. 
Their signi~icance is discussed later in this section. 
On the basis o~ the calculated vip ratios, a purely 
arbitrary value o~ 0.7 was used to separate the smectite 
components in Table~ 5' - 59, and in Table 61. The 
better-ordered members were designated as montmorillonite, 
and th~ less-ordered as interstrati~ied minerals. It 
must be stressed, however, that there appears to be some 
interstrati~ied montmorillonite-mica in all samples, and 
that there appears to be a regular decrease in smectite 
content with distance ~rom living beech trees or decaying 
stumps. As these changes can not be determined 
quantitatively the arbitrary approach has been adopted 
in order that the tables can indicate that di~~erences 
do occur. The only alternatives would be to designate 
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all the materials as montmorillonite, or as interstratified 
smectites. 
A small quantity of kaolinite was present in al1 
horizonscontaining montmorillonite, but chlorite, 
pedogenic chlorite, and gibbsite were not identifiable 
in the diffractograms. Differential thermo grams of both 
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the fine and coarse clay fractions from the A2 horizons 
at I(o) 2 and Ah 5 do not show the low temperature, 
multiple endothermic peak system associated with Mg2+ 
saturated vermiculite, or the 400 - 4300 C endotherm 
associated with pedogenic chlorite (Figure 74). Less 
gibbsite is present in these samples than at comparable 
profile depth at Ah 1 (Figure 73). Gibbsite is thus 
destroyed during the processes that lead to montmorillonite 
formation. The water~dispersed <2 pm clay fractions at 
I(o) 2 and Ah 5 do show multiple low temperature endotherms, 
but these may be associated with the higher organic matter 
content of the samples. The greater gibbsite content 
shown by thes, samples, as compared with the fine and 
coarse clay fractions which had undergone peroxidation 
and deferration, indicates that some gibbsite was lost 
during preparation of the latter samples. The presence 
ota sharp endothermic reaction at 5730 C indicates the 
presence of quartz in the coarse clay fractions of the A2 
horizon at Ah 5, but it is not observed in the clay from 
the B21 horizon at this site (Figure 74). This 
indication of a higher quartz content in the A2 horizon 
. is, supported by the diffraotion data (Table 57). 
At Ah 5, 6 and 7 the clay fractions of all horizons 
above the B21 contained montmorillonite as a major component. 
Further from the stump, or from the larger living beech, 
at Ah 2, 3, 4 and 9 montmorillonite occurred only in the 
surface horizon. At these sites, with increasing depth 
from the surface, montmorillonite tended to be replaced 
first by vermiculite and then by pedogenic chlorite. 
Furthest from the ~nfluences of the living trees and the 
decaying stump, at Ah 1 and Ah a, montmorillonite gave 
way to vermiculite in the surface horizon (Tables 56 59). 
A thin humus-iron pan occurred between the A22 and 
B21 horizons at Ah 5, but it did not extend as far as Ah 4. 
The material isolated from the pan gave a loss-on-ignition 
value of 63%, and 5~ and 51% of its iron content was 
extractable by oxalate and pyrophosphate, respectively. 
It was largely amorphous to X-rays, only a small quantity 
of quartz being deteoted. Differential thermograms 
confirmed the presence of quartz and indicated a small 
amoWlt of gibbsite (Figure 74). The endothermic peak 
at 950 C represents water held by organic matter and/or 
poorly-ordered gels. The endotherm at 70aoC is puzzling 
- it does not appear in the clay fractions from the 
horizons above and below the pan, nor can it belong to 
any crystalline phyllosilicate. Its temperature is rather 
high for poorly-ordered forms of Al and Fe. The only 
explanation that can be offered for the presence of this 
peak is that it may be associated with the decomposition 
of iron-humic complexes in an inert atmosphere. 
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To check i~ high concentrations o~ montmorillonite 
were .always present in the sur~ace horizons close to the 
stems o~ living beech trees and decaying beech stumps, 
and i~ the presence o~ montmorillonite was restricted to 
localised areas surrounding these trees and stumps, 35 
additional "grab" samples were obtained. Four o~ the 
samples were collected on the Hokitika sandy loam, and the 
remainder ~rom the Ahaura silt loam. In all instances 
the 0 horizons which ranged ~rom 0 - 0.15 m in depth were 
ignored, and the underlying Aor A2 horizons sampled. 
Clay mineralogical data ~rom some o~ these samples are 
included in Table 60 and 61, and pertinent site 
characteristics are discussed in the text. 
Sites Ho 2 and Ho 3 were located between two living 
red beech trees with diameters (breast height) o~ 0.72 
and 0.75 m, standing 7.20 m apart. The sites were 1.2 
and 3.5 m, respectivelY, ~rom the larger tree. The pH 
values o~ the sampled A horizons were 4.4 and 4.5. The 
~ine clay ~raction at Ho 2 gave a broad peak at 1.50 nm 
on Mg2+ saturation and glycerol solvation, that collapsed 
to 1.0 nm ~ollowing K+ saturation and heating. This 
~raction contains an interstrati~ied mineral that possesses 
both vermiculite and montmoritlonite layers. No 
montmorillonite, or interstrati~ied minerals containing 
montmorillonite were detected in the coarse clay ~raction 
at this site, or in either clay ~raction ~rom Ho 3. 
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Sites Ho 4 and 5 were at the base of decaying stumps. 
As at sites I(o) 2 and Ah 5 the trees· had fallen, but 
the stems:had shattered and stumps remained in the soil. 
Both ~ hori~ons gave pH values of 4.2, and both clay 
fractions from each site contained montmorillonite. The 
1.8 nm peaks were, however, asymmetric with pronounced 
tails on the high-angle side, indicating either inter-
stratification with vermiculite or the presence of 
discrete vermiculite. 
Sites Ah 10, 12 and 16 were located at the base 
of decaying stumps on the Ahaura silt loam, while Ah 11 
and 13 were 2.0 m from Ah 10 and Ah 12, respectively. 
Ah 14 was located 4.5 m east of Ah 5, at a point where 
the remains of a dec~ying log made contact with the soil. 
The log is the remains of the tree that fell leaving its 
stump at Ah 5. Ah 15 was the same distance from the base 
as th.e stump as Ah 14, but was 2.0 m further from the 
fallen tree remains. The bleached A2 horizon material 
from site Ah 17 was co~~cted beside an uprooted stump. 
Site Ah 18 was located at the base of a red beech tree 
that had reached a diameter (breast height) of 1.02 m 
before being killed by fire. Site Ah 19 was 2.0 m from 
the stem of this tree, while site Ah 20 was 0.5 m from 
the base of the largest living red beech (2.36 m diameter, 
breast height) in the bush remnant where all the Ahaura 
samples described in this thesis were taken. Soil pH 
values for all the sampled horizons with the exception of 
the A horizon at Ah 19 (4.6) were <4.0. 
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The clay fractions from Ah 19 gave broad peaks 
at 1.54 nm (fine) and 1.52 nm (coarse). The remaining 
samples all showed the presence of well-ordered montmoril-
lonite (Tables 60 and 61). Both clay fractions from 
Ah 19 are dominated by an interstratified mineral 
containing both montmorillonite and- vermiculite layers. 
Sites Ah 21 to Ah 40 were all located at least 7 m 
from any living tree, decaying stump, fallen log or 
other accumulation of decaying organic matter. Hollows, 
slightly raised areas, and the edge of the forest remnant 
were also avoided. These samples all gave pH values 
within the range 4.6 - 5.0, and none of them contained 
a clay mineral that showed expansion beyond 1.4 nm. 
Vermiculite was the major component in these samples. 
(iii) A dynamic system - Podzolisation versus laterisation; 
From the results of these analyses it is concluded that at 
distances greater than about 7 m from existing, mature red 
beech trees or large decaying beech stumps, where soil 
pH values exceed 4.5 and organic matter levels are 
(comparably) lower, the stable weathering products formed 
from the mica, chlorite and feldspar of the parent material 
are pedogenic chlorite, kaolinite, allophane and gibbsite; 
all products that contain (or can contain) a high level 
of Al relative to Si. Gibbsite is included in this list 
as it is considered that the available data (Tables 53, 
54 and 62, and Figures 79 and 80) suggest the pedogenic 
formation of gibbsite, rather than the accumulation of a 
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mineral inherited from the parent material. T.he quanti ty 
of clay-sized gibbsite in constant soil volume increases 
with the age of the soil to reach a maximum in Ah 1, then 
declines. The proportion of total soil Al present as 
gibbsite in the Ikamatua and Ahaura soils is at a maximum 
in the B horizons (Table 62). Depth functions (Table 62 
and Figure 80) show that the maximum accumulation of 
gibbsite occurs in these horizons. These results are 
unlikely to be materially affected by fai1ure to determine 
the gibbsite content of the silt fraction g since X-ray 
diffractograms indicated that it was detected in the si1t 
fractions of only those horizons that contained high 
gibbsite leve1s in the clay fractions. Downward 
translocation of gibbsite from the A to the B horizon 
would a1so explain the observed depth functions, but could 
not account for the marked accumulation of gibbsite in 
the Ahaura profile. Possible parent material variations 
can, however, not be completely ignored in alluvial soils. 
Gibbsite is highly correlated (1~ level) with pH, phosphate 
retention, oxalate-extractable AI, and Fieldes and Perrott 
test values (Table 2), thus it tends to occur in those 
horizons containing the highest levels of poorly-ordered 
aluminosilicate gels. Miyazawa (1966) considers allophane 
is desilicated by organic materials, with subsequent 
crystal1isation of gibbsite, but the evidence obtained in 
this study suggests that Al not Si is mobilised in the 
presence of organic matter. Precipitation of alumina in 
the inter layer spaces of expansible layer silicates tends 
to prevent the solubility product of Al(OH)3 being 
exceeded in soils containing actively weathering micas 
(Jackson, 1960 and 1963b). Jackson (1963a) indicates, 
however, that cyclic fluctuations in pH could result in 
small gibbsite Wlits becoming negatively charged at pH 
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values above 4.8 and thus being repelled by the negative 
surfaces of montmorillonite and nucleating a free gibbsite 
phase. 
Gardner (1970) presented thermodynamic data to 
show that gibbsite should not precipitate in soils 
containing both quartz and kaolinite Wlless the quartz was 
coated with impermeable filmsp but Lodding (1972) argues 
that the presence of feldspar may radically alter the 
limits set by Gardner. 
It is postulated that the presence of gibbsite in 
these soils may have arisen from the rapid hydrolysis of 
feldspar~p causing the release of alumina at a faster 
rate than it could be assimilated in the interlayer 
spaces of the slower weathering micas. This could result 
in the solubility of Al(OH)3 being exceeded, particularly 
in lower horizons where the pH was higher, and during 
periods when the soil solution became concentrated through 
the partial drying of the soil. Van Reeuwijk and 
de Villiers (1970) have shown that poorly-ordered Al(OH)3' 
that yielded crystalline Al(OH)3 (bayerite) on dialysis, 
was precipitated in addition to aluminosilicate gels from 
solutions rich in Al relative to Si. MacKenzie (1957) 
notes that aging of alumina gels is much more rapid than 
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with iron oxide. gels, and indicates that amorphous alumina 
hydrates would have a very transient existence in nature. 
Segalen (1971) indicates that at pH-values < 4.2 Al is 
liable to move over short distances, but will precipitate 
when pH exceeds 402 giying an often amorphous product. 
If the product remains surrounded by anions crystallisation 
is inhibited, but if drainage is good and anions are 
leached gibbsite crystallises and may even precipitate 
directly. In medium drainage environments Segalen 
considers Al recombines with silica to form 1 : 1-Type 
clays if Si concentration is low and 2 : 1 -Type 
phyllosilicates if it is high. 
An abundance of aluminous weathering residues 
might also result in mica weathering rapidly, or even 
directly to a 2 : 1 - 2 : 2 Al-intergrade and could help 
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to explain the differing mica weathering sequences proposed 
by Jackson (1963b) and Fieldes (1962 and 1968). Whereas 
Jackson proposes the sequence: 
Mica L-7" Vermiculite 7 2 : 1 - 2 : 2 Al-
intergrade, Fieldes shows an intergrade as the precursor 
of vermiculite: 
Mica ~ Illite ~ Vermiculite (1) ~ Vermi~ulite 
(2), where vermiculite (1) is defined as the component 
with higher hydroxyalumina interlayering and higher 
interlayer change. A partial explanation for this rather 
unexpected order proposed by Fieldes may be found in 
Table 6.3.7 on Page 34, ,in Fieldes (1 968), which shows 
maximum vermiculite (1) contents, and no vermiculite (2), 
in the central and southern yellow-brown earths, and high 
vermiculite (2) levels in the northern, weakly leached 
yellow-brown earths, and northern podzolised yellow-
brown earths. The remaining data in the table scarcely 
support Fieldes's order, and it is considered that the 
vermiculite (2) ~ound in the more strongly weathered 
soils has been ~ormed by the dealumination o~ vermiculite 
(1) during a second cycle o~ weathering at low pH. 
This mechanism will be elaborated later in this section. 
It is perhaps pertinent to note that Fieldes (1958, 1962 
and 1968) shows silica as the ~inal stage in the 
weathering o~ mica. No mention is made o~ gibbsite. 
Jackson (1963b and 1964) on the other hand makes no 
re~erence to silica in his sequence and shows gibbsite as 
the final stage. Fieldes has stressed reactions leading 
ultimately to a podzol, whereas the end member in Jackson's 
sequence would be a laterite. Pedogenic chlorites are 
probably stable i~termediatesin soils when pH exceeds 4.5, 
but should su~~er dealumination i~ pH values drop below 
4.5. 
From the results obtained in the present study it is 
concluded that in the yellow-brown earth soil environment 
where PH > 4.5, Al and Fe are tending to accumulate 
relative to Si, and the soil is moving, albeit slowly, 
towards a lateritic end product. Under these conditions 
pedogenic chlorite appears to accumulate, and there is no 
direct evidence o~ its alteration to kaolinite. Since 
kaolinite levels do not rise during the first 18,000 
years, losses of kaolinite from the clay fraction would 
have to match possible kaolinite formation from the 
intergrade. 
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It is further concluded that the onset of a combination 
of low pH conditions (~4.4) and high organic matter 
levels, associated with the growth of individual red beech 
trees, initiates a second weathering cycle in which Al and 
Fe are readily lost from the upper horizons, resulting in 
the disappearance of allophane, gibbsite and fe~ro­
magnesian chlorites, and in the dealumination of pedogenic 
intergrades, which are transformed first into vermiculite, 
and eventually to montmorillonite. The direction of 
weathering has now changed, and the soil is altering 
towards a podzol. The maximum expression of this cycle 
would be observed in the upper horizon close to the stems 
of the larger living trees and decaying stumps, where 
stem flow effects were greatest, and had operated ~or the 
longest duration. This pattern was observed on the 
Ahaura transectswhere montmorillonite graded outward to 
vermiculite, and with depth to vermiculite and then to 
pedogenic chlorite. The occurrence of montmorillonite 
at lower pH conditions than vermiculite may be related 
to a decrease in layer charge allowing a greater expansion, 
or to the more complete removal of interlayer material. 
The results obtained in this study thus verify the 
conclusions of Malcolm, Nettleton and McCracken (1969), 
Gjems (1970) and Kapoor (1973). In these three studies 
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(and in the present one) high organic matter levels, 
and soil pH values of 4.4 - 4.5 or less, appeared to be 
critical for dea1umination of the intergrade and formation 
of montmorillonite. Although, in theory, low pH (-< 4.5), 
however obtained, should cause dea1umination of 2 : 1 -
2 : 2 hydroxya1umina intergrades, such low pH values 
are unlikely to occur in soils without the dominant 
inflUence of organic matter. Gjems (1970) also considered 
that under low pH conditions montmorillonite would also 
form directly from illite. From differences in expansion 
withg1yc,ol following treatment with 0.5 - 1.0 molar He1 
to remove inter1ayers Kapoor (1972) concluded that inter-
layered smectites were present in the A2 horizons of soils 
when pH values exceeded 4.4, but that the intergrades 
found in the B2 horizons of soils with more acid A2 
horizons containing montmorillonite were inter1ayered 
vermiculites. 
The presence of interstratifications involving 
combinations of mica, vermiculite, montmorillonite and 
pedogenic chlorite layers supports a conclusion that the 
latter three components were derived from mica. The 
weathering sequence proposed by Jackson £!~. (1952) 
indicated reversibility between vermiculite and montmoril-
lonite, while reversibility between vermiculite and 
pedogenic chlorite was indicated in a later publication 
(Jackson, 1963b). Frink (1969) has reported the 
dea1umination of a ch10ritised vermiculite from an acid 
upland soil after it was transported to a neutral lake 
bottom environment. The high charge vermiculite initially 
formed was subsequently transformed to illite. 
Kodama and Schnitzer (1973) have shown that two 
chloritic minerals, leuchtenbergite (magnesium-rich) and 
thuringite (iron-rich) were decomposed in 0.2% aq~eous 
fulvic acid solutions at pH 2.5 - the iron species more 
readily than the magnesium. It could be argued from this 
result and the known solubility of ferromagnesian chlorites 
in_inorganic acids (Brindley and Youell, 1951; and Ross, 
1969) that pedogenic chlorite should be largely dissolved 
in the low pH environment.'; of the surface horizons near 
living red beech trees, and that the montmorillonite 
concentrated in those horizons formed as a direct 
alteration product of mica. It is unfortunate that 
.Kodama and Schnitzer (1973) did not include a naturally 
occurring pedogenic chlorite in their investigation. 
The mineralogical changes associated with tree 
growth observed along the Ahaura transects are oonsistent 
with current concepts of podzolisation - the mobilisation 
of Al and Fe from the A horizon by chelation and their 
subsequent immobilisation in the B horizon (Muir, 1961; 
Rode, 1964; __ ~_M~Keague, 1965). Bloomfield (1953-1955), 
DeLong and Schnitzer (1955) , Schnitzer and DeLong (1955), 
Lossaint (1959), Coulson, Davies and Lewis (1960b), 
Muir, et!!:!. (1964), Muir, Bown and Logan (1964) and 
Malcolm and McCracken (1968) have shown that rainfall 
leachates and/or aqueous extracts of leaves from a range 
of tree species could form water-soluble complexes with 
Fe and A1 over a wide pH range under both aerobic and 
anaerobic conditions. DeLong and Schnitzer (1955) 
suggested that Fe moved as a ferric hydroxide complex 
protected by organic matter. Acidic polysaccharides 
(Schnitzer and DeLong, 1955), and po1ypheno1s and organic 
acids (Bloomfield, 1957) were considered to be the active 
species involved in mobilisation. Bloomfield (1953) 
noted that the extract reduced ferric iron to ferrous. 
Coulson, Davies and Lewis isolated po1ypheno1s from leaves 
(1960a) and from the B horizons of podzo1 soils (1960b). 
Schnitzer and Detong (1959) showed that the capaoities 
of 1eachates to mobilise Fe ranged from 2 - 18 mg Fe/g of 
organic matter, and that variation depended both upon 
tree 'species and time ot sampling. Muir, Logan and 
Bown (1964) showed that c~tric, ma1io and q~nic acids 
from a Scots Pine extraot were the major components 
responsible for the mobilisation of Fe. Seven aminoacids 
were identified in the extracts but they were largely 
ineffective in maintaining Fe in solution above pH 4.5. 
As noted by Martin and Reeve (1957) much of. the early work 
tended to ignore the role of A1 in podzo1isation, but 
McKeague (1967 and 1968) and McKeague and Day (1969) 
have stressed its significance. Romans (1970) considers 
that a podzo1 begins with the accumulation of a surface 
humus mat that gradually breaks down into colloidal humus 
with a high clN ratio (usually 20 - 30). Constituents 
of the humus are then thought to attack the uppermost 
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mineral horizons forming soluble complexes that are 
leached into the B horizon where they are deposited as 
a result of microbial and fungal breakdown of the organic 
ligand.. It is pertinent to note that in the present 
study there is a high positive correlation (0.1% level) 
between montmorillonite content and the C/N ratio (Table 2). 
Ross and McNeilly (1973) have demonstrated the presence 
of' polyphenol~oxidising enzymes in litter and in soil 
under hard beech forest. The enzymes appeared to have 
originated mainly from micro-organisms, with particular 
fungi possibly involved, and not from hard beech leaves. 
The presence of montmorillonite in the A2 horizons 
of podzols ,from other areas has been reported by Whittig 
and Jackson (1955), Brown and Jackson (1958), Gjems (1960, 
1963, 1967 and 1970), Franzmeier, Whiteside and Mortland 
(1963), Brown and Tedrow (1964), Ross and Mortland (1966), 
Brydon, Kodama and Ross (1968), Kodama and Brydon (1968), 
Wiklander and Aleksandrovio (1969), Malcolm, Nettleton 
and McCracken (1969), Rozhnova and Kasatkina (1970), 
McKeague and Brydon (1970) andSokolov'a, Targul 'yen 
\ 
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Mokma !i!!. (1973) report the absence of distinct 
1.8 nm peaks in clays from the A2 horizons of the older 
soils in a chronosequence. Determination of montmorillo-
nite content by a cation exchange technique (Alexiades 
and Jackson, 1965 and 1966b) showed 10 - 20% of that 
mineral in the A and B horizons of soils older than 250 
years, but showed no concentration of' it in the A2 
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horizons of the podzo1ised soils. This failure to observe 
high montmorillonite levels in the podzo1ised members 
may be explained, in part, by the siting of their sampling 
pits. Stevens (1963 and 1968b) indioates that these were 
located as far as possible from the existing trees, and 
that profiles were excavated, by horizon, over an area of 
either 0,436 or 1.900 m2 • The age of the Okarito soil, 
the oldest of the sequence, was given as comparable to that 
of the Ahaura silt loam of the present study, but the 
Franz Josef sequence is in an area of much higher rainfall 
than at Reef ton, and there are differences in parent 
material. If montmorillonite levels were also related 
to the tree distribution pattern in the area investigated 
by Mokma and his co-workers, the location of the sampling 
pits would tend to be in areas where lower montmorillonite 
levels, or its absence, could be expeoted. 
Little information is available on the life-span of 
red beech in the area, but Dr C.J. Burrows (Botany 
Department, University of Canterbury, pers. comm.) has 
measured (elsewhere) growth rates of 0.25 - 0.50 m {dbh} in 
100 years and estimates that trees may live to between 
500 and 700 years, and remain on the ground in excess 
of 100 years. As red beech tends to form even-aged 
stands the duration of each generation would approach the 
age limits of the trees. 
It can be inferred from the above, and the likely 
presence of beech and podocarps in the study area for some 
6,000 and 14,000 years, respectively, that several 
generations of these species will have affected the 
Ahaura (and Ikamatua) soils, and thus it is necessary 
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to postulate that sites such as Aho1, Ah 8 and Ah 21 - 40 
have never been close enough to be influenced by any 
living beech during the past 6000 years, or that each 
successive generation of trees occupied the same sites, 
or that following the death, decay and eventual disappearance 
of any particular tree, montmorillonite can revert towards 
a pedogenic intergrade, provided the particular area is not 
affected. by other nearby trees. Of the three alternatives 
the latter is the most plausible. Surface horizon pH 
values at the base of decaying stumps (3.5 - 3.9) are 
higher than those near the stems of the larger living 
trees (3.1 - 3.5). The A horizon pH value of the older 
Kumara silt loam, where the native forest has been 
destroyed following European settlement of the area, is 
even higher (4.5). Should pH values rise locally 
following the c,omplete disappearance of particulr trees, 
increasing layer charge, and the accumulation of some 
interlayer alumina, could prevent expansion of clay 
minerals beyond 1.4 nm. 
It is therefore concluded that transformation of 
the pedogenic intergrade to montmorillonite in these 
soils is dynamic and reversible. Lietzke and Mortland 
(1973) have demonstrated the dynamic character of a 
naturally chloritised vermiculite in the laboratory, and 
postulated that chloritisation and dechloritisation 
probably occurred readily in the field as well. The 
conc1usio~ is supported by the presence of an inter .. 
stratified montmorillonite-vermiculite (which may also 
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contain mica layers) in the A hori~on at Ah 19. Before 
being destroyed by fire the tree 2 m away had reached 
a diameter of 1.02 m (breast height) as compared with 
diameters of 1.11 and 0.68 m for the two living trees 
at the extremities of Transect 2. This intergrade 
represents an. intermediate step in the sequence: 
Montmorillonite ~ Vermiou1ite ~ Pedogenic chlorite, 
but it is necessary to show that the reaction is moving 
in the forward direotion. As the tree involved was 
only slightly smaller than the larger living beech from 
Transect ~, it seems reasonable to assume it had reaohed 
! 
a comparable age before it was killed. As montmorillonite 
is now found at Ah 7, 4 m from the living beech, it is 
likely that it was once present in the surface horizon 
at Ah 19 in sufficient concentration to cause expansion 
to 1.8 nm. 
(iv) Development of glex podzols: During weathering 
beyond 18,000 years there has been a continuing loss of 
A1 and Fe relative to Si (Table 31 and Figure 81). It 
can be seen from Figure 81 that the changes that ar~ 
taking p1aoe near living trees and decaying stumps are 
altering the A1, Fe and Si levels towards those now 
found at Ku 1. This alteration has been greatest in. 
the upper half of the A2 horizon at Ah 5, and least in 
the A horizon at Ah 1. The oomparab1e positions 
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occupied by the Hokitika, Ikamatua and Ahaura soils in 
Figure 81 support the contention expressed by Rode (1949), 
Stobbe and Wright (1959) and Franzmeier, Whiteside and 
Mortland (1963) that a conditioning process of base 
removal was necessary before podzolisation was initiated. 
In the present context 'conditioning' represents the time 
necessary for the pH of the surface horizons to drop 
below 4.5. It is the period during which laterisation, 
not podzolisation is operating. 
It is considered that given sufficient' time the 
dynamic processes now operating on the Ahaura silt lo~ 
would ultimately produce the soil properties now observed 
at Ku 1. The absence of any visual mineralogical or 
chemical signs of podzolisation in the younger soils, 
other than in the vicinity of existing trees and stumps, 
indicates that lateral movement of Al and Fe must occur 
in the yellow-brown earths. The friable crumb and 
granular structures of the SOils, the high rainfall, 
the dispersion of stem-flow water, and the slight slope 
on the terraces, indicate that lateral movement of water 
is at least possible. Analysis of water dispersed <2 pm 
clay from the A and AB horizons at Ah 1 shows that > 5<>% 
of the iron content of these horizons is present in the 
clay fraction. 
As Al and Fe are depleted through the effects of 
successive generations of beech, the ability of the soil 
to recover from the localised podzolisation around 
individual trees would be reduced, and "egg-cup" podzols 
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indicating the positions o~ trees ~rom previous 
generations would pe~sist. Eventually these would 
coalesce to ~orm a uni~orm1y podzo1ised sur~ace. Loss 
o~ A1 ~rom the upper horizons would coincide with the· 
disappearance o~ a110phane, gibbsite and pedogenic 
chlorite, and lead to the persistence o~ expanding 2 : 1 
-TYpe phy110silicates. Mica reduced to clay size by 
physical weathering, would alter ~urther towards 
montmorillonite. Montmorillonite content showed a high 
positive correlation (0.1% level) with total Si, and 
a high negative correlation (0.1% level) with pH, total 
A1 and total Fe (Table 2). The mineral phase 
stability diagram ~or the system MgO-A1203-Si02-H20 
developed by Weaver, Jackson and Syers (1971) indicates 
that at low pH a high concentration o~ Si(OH)4 in the 
matrix s01ution is necessary ~or montmorillonite 
stability. Loss o~ the poorly-ordered ~orms o~ A1 and 
Fe, and a reduction in organio matter content would lead 
to a collapse o~ soil structure. The presence o~ 
expanding clays, particularly i~ occasional drying o~ 
the soil occurred, and an increase in silt content at 
the expense o~ coarse sand, would assist in the ~ormation 
o~ the massive, relatively impermeable horizons now ~ound 
in the Kumara silt loam. It is considered that such 
soils would become poorly-drained even in the absence 
o~ iron pans. Young (1967) reports instances o~ 
poorly-drained Okarito soils in which no iron pans can 
be reoognised. It is there~ore concluded that the 
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Kumara and Okarito soils represent more advanced stages 
of weathering than the Ahaura silt loam, and that 
podzolisation has preceded gleying. 
(v) Practical implications: Much of the free-draining 
terrace land and river flats carrying the Hokitika, 
Ikamatua and Ahaura soils is now devoted to agriculture. 
Lietze and Mortland (1973) raise a question of practical 
importance when they ask if the continued liming of 
acid soils containing pedogenic chlorite will eventually 
result in dealumination of the chlorite and the 
+ + subsequent fixation of' K and NH4 • The results 
obtained in this study would indicate that the maximum: 
fixation of these ions would occur under the conditions 
that led to the formation of vermiculite and possibly of 
montmorillonite. The high vermiculite levels found in 
the A horizons of the older Ikamatua ~d Ahaura soils 
indicates that these soils should now fix K+ and NH4+. 
Raising the pH of these soils should create conditions 
more favourable for the existence of pedogenic chlorite, 
and aluminosilicate gels. Microcrystalline gibbsite 
shows minimum solubility in water at pH values between 
5.5 .and 6.5 (Robe~tson and Hem, 1969). It is likely, 
therefore, that pedogenic chlorite and allopbanic gels 
would be most stable within this pH range. Raising the 
pH of these soils towards the levels desired for 
agricultural praotice would also decrease the anion 
retention capacity of allophanic gels. 
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The Chronose~uence ,Soils. Quart~ was 
detected in the fine clay fraction in the C horizon of 
the Hokitika sandy. loam, and from the A to B2G horizons 
(inclusive) of the Okarito loamy sand (Table 53). It was 
present in all soil horizons in tb.e coarse clay fraction 
(Table 54). The increase in intensity of the quartz 
(100) spacing (Table 54), and the presence of the sharp 
endothermic peak caused by the quartz DC ~ I' inversion 
at 57~oC 1'n th th f th 1 f t' J e ermograms rom e coarse c ay rac 10ns 
of the Kumara and Okarito soils (Figures 75 and 76), 
indicate much higher quartz contents in the older, gley 
podzo1s. Inversion reactions are accompanied by 
comparatively small energy charges, thus the peak 
indicating the 0< '--? I quartz inversion is small in 
relation to the vario~s chemical charges that may occur 
when clay minerals are heated. The very strong quartz 
spacings, the weak reflections from other minerals, and 
the low clay content, particularly in the fine clay 
range (Table 7), in the A and AG hori~ons of the Okarito 
loamy sand, indicate that this soil has undergone weathering 
that was more intense, and/or ot longer duration than 
have the younger soils. 
The presence of high levels of quartz in the sand, 
silt and clay tractions ot the upp~r horizons ot this 
soil also support the view at Mew et a1. (1972) that ~oess 
--... 
has made but a minor contribution to the parent material 
of the soils on the intermediate and high glacial outwash 
terraces. Loess deposited at (or sinoe) the time the 
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. low glacial outwash terrace was :formed could not have 
altered to this extent. The most probable cause o:f the 
marked inorease in quartz (and total Si) content between 
Ah 1 and Ku 1, and again between Ku 1 and Ok 1, is 
weathering :for a considerable period at low pH. Under 
these conditions quartz accumulation can be explained in 
terms o:f its greater resistanoe to weathering and the 
relative oonstancy o:f its solubility over the pH range 
involved (Robertson and Hem, 1969), and by the increased 
solubility of A1 and Fe in the presence o:f OM at low pH. 
Feldspars. were rarely observed in the :fine clay 
:fractions, but were almost always present in the coarser 
:fractioh. Small quantities o:f an amphibole (presumably 
hornblende, which was identi:fied in the sand fraction) 
were present in the coarse clay :fraction o:f the Ahaura and 
yOW1ger soils. Its absence :from the older soils is 
consistent with its relative instability to weathering. 
The initial acoumu1ation o:f ~ibbsite and its 
decline in soils o.lder than the Ahaura silt loam was 
discussed in the previous section. The presence o:f 
poorly-ordered aluminosilicates can be in:ferred :from 
the high oxalate-extractable A1,P retention, and Fie1des 
and Perrott test values, but caution must be used in such 
interpretation since it has been demonstrated that 
~ 
crystalline oompoUnds :from the·Ikamatua and Ahaura soils 
are attacked by b9th oxalate and NaF. Additional 
evidence :for the presence o:f allophanic gels is shown 
by increases in the peak heights o:f the low tem~erature 
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(120 - 1500 C) endothermio and the high temperature 
(:>9000 C) exothermic reaotions shown by the ~ine olay 
~raotions from subsoil ~9rizons o~ I(o) 1, I(w) 1 and 
Ah 1 (Figu~es 71 - 73). The inoreases oonoerned can 
not be explained in terms ot increasing amounts o~ organic 
matter or phyllosilicates. The highest oxalate-extraotable 
Al value obtained (5.1% - Table 36) was from the B21 
horizon o~ the Ahaura silt loam. I~ it is assumed that 
(i) all the e~traoted Al oame ~rom allophanio 
gels, .and. 
(ii) that the molar Si02/A1203 ratio o~ the gel 
was o~ the order o~ 1.92 (equivalent to the 
<0.2pm ~raotion ~rom the C horizon o~ the 
Taupo sandy silt - Table 45), this would 
indioate an allophane oontent (ignited 
weight basis) o~ some 6%. 
Sinoe a considerable part o~ the extraoUd Al oame ~rom other 
souroes the aotual allophane oontent will be oonsiderably 
less than this maximum value. 
Triootahedral ohlorite is virtually absent ~rom the 
gley podzols, but ooours in both olay ~ractions o~ the 
younger soils. Di~~iculties in distinguishing between 
the 1.4 nm peak intensity due to triootanedral ohlorite and 
that ~rom pedogenio Al-ohlorites has probably led to the 
values shown ~or the ~ormer being overestimated in 
Tables 53 - 59), and this is probably why the maximum 
chlorite levels appear in the B horizon. Like mioa, the 
ohlorite levels will be oontrolled by the relative rates 
o~ addition ~rom the ooarser ~raotions, and losses by 
ohemioal weathering. 
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The factors controlling the weathering of mica 
have been adequately discussed in the previous section, 
and these explain the major trends observed in the 
chronosequence soils: the increase in vermiculite towards 
the surface in the yellow-brown earth profiles, and the 
occurrence of maximum pedogenic chlorite levels in the 
B horizons, and its absence from the upper horizons of 
the gley podzo1s. Little montmorillonite occurred in the 
free-draining yellow-brown earths, as sampling sites were 
located away from any living tree, or decaying remai~s, 
but interstratifications involving mica, vermiculite and 
montmorillonite did occur in the gley podzo1s. These 
ha4 higher mica contents than the intergrades associated 
with living beech trees and decaying stumps on the Ahaura 
silt loam. This could be explained by one or more of 
the following mechanisms: weathering of silt and sand-
sized feldspar in a poorly-drained environment; fixation 
of K from incident rainfall, or released from the weathering 
of coarser materials; the further weathering to illite 
and interstratified illite-vermiculite of mica freshly 
reduced to clay size; loss by destruction of vermiculite 
and montmorillonite; or by additions from the atmosphere. 
Interstratified minerals containing a considerable 
montmorillonite component occur in the OA horizon at 
I(w) 1; the interstratified clay in the comparable 
horizon of the freely-drained I(o) 1 is i11ite-
vermiculite. These observations are consistent with the 
pH values of the respective soils (Table 3). 
185. 
Kaolinite percentages show little variation with 
depth or increasing soil age from Ho 1 to Ah 1, but 
higher levels occur in the gley podzols (Tables 53 and 
54). The low values shown for Ho 1 in Table 55, reflect 
a lower clay content, as do the values of Ok 1 as compared 
to those in Ku 1. 
The comparable kaolinite levels in Ho 1 and the 
yellow-brown earths, despite the much lower pedogenic 
chlorite levels in the former soil (Tables 53 and 54), 
may indicate that kaolinite formed from the rapid hydro-
ily"'Siip:,'ot, feldspar, rather than from the weathering of 
mica. Possible external additions can not be ignored, 
however, for a soil situated on the present flood plain. 
At pH values <4.5 dealumination of pedogenic chlorite 
,i' 
appears to lead to vermiculite, thus precluding kaolinite 
formation. Brydon, Kodama and Ross (1968), and 
Mokma ~!!. (1973) have reported lack of kaolinite 
formation in podzol soils. 
X-ray diffraction analYsis of a range of samples 
following HF digestion (see Chapter 3; v, (4» indicated 
that small quantities of anatase and rutile were present 
in all the soils. 
The differences in mineralogy (Tables 51 - 54, and 
Figure 81) and in total elemental analyses (Table 22) 
between Ah 1 and Ku 1. and between Xu 1 and Ok 1 represent 
major advances in soil development that could indicate 
warmer environments. than those occurring during the past 
18,000 years and/or that the Kumara silt loam is much 
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older than the Ahaura silt loam, and the Okarito loamy 
sand is much older than the Kumara silt loam. The' 
results tend to support the correlation of the Tophouse 
formation with the Waimea glaciation (Nathan and Moar, 
1973) and the Manuka with the Waimaunga (Suggate, 1965), 
and if anything would perhaps indicate that both soils 
could be older than the minimum ages used in this thesis. 
(4) Problems Encountered in the Identification of 
Plumbogummite Minerals 
Minerals of the plumbogummite group are hydrated 
alumino-phosphates with formula XA13(p04)2(OH)5.H20. 
The various end members include plumbogummite itself 
(where X = Pb), crandallite (Ca), goyazite (Sr), 
gorceixite (Ba), and florencite (Ce and other rare earths). 
(a) Concentration Attempts using HF Digestion. 
The investigations of Norrish (1968) and Sarma and Krisbna 
Murti (1969/1970) have suggested that these minerals are 
a common form of soil phosphate, and that they represent 
an end product in the weathering of inorganic soil 
phosphorus. Both investigations used HF digestion in 
attempts to concentrate the phosphate sufficiently to 
allow identification by X-ray diffraction. Norrish 
(1968) showed that, given favourable circumstances, a 
considerable concentration could be obtained by treating 
2 g of soil clay with 160 ml of 20% HF for 2 minutes. 
Using this technique, Sarma and Krishna Murti (1969/1970) 
failed to detect plumbogummdte minerals in HF residues 
from soils containing considerable quantities of micaceous 
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minerals and quartz. They attributed this to the 
failure of the two-minute digestion to dissolve sufficient 
silicate mineral matter to achieve the plumbogumm~te 
concentration necessary for its.,detection by ~ray 
diffraction, and consequently adopted a more drastic 
HF digestion, originally used by Raman and Jackson (1965) 
in the determination of anatase and rutile in soils and 
sediments. This involved treating 1 g samples with ,0 ml 
of 48% HF for 24 hours. Water-dispersed clays «2 pm) 
from selected soil horizons (Ho 1, A12 and C; I(y) 1, 
A and AB; I(O) 1, A and B21 ; Ah 1, A; Ah 5, B21 ; Xu 1, 
all horizons; and Ok 1, all horizons) were analysed. 
Sand (>20 pm) and silt (20 - 2 pm) from a number of these 
horizons (Ho 1, A12 and C; I(y) 1, A; I(o) 1, A; Ah 1, 
A; Xu 1, BhG; and Ok 1, B,G) and sand collected trom the 
Waitahu river near the Ho 1 site were also examined.·As 
all these samples were known to Qontain micaceous clay 
minerals and quartz, clay « 2 pm) from the B Qorizon of 
a Xaite~iteri hill soil (a strongly-leached soil developed 
on pre-~rgillised granite that contained mainly kaolinite 
in the clay fraction - Adams, 1970), and a sample of ground 
«5' pm) Christmas Island 'C-grade' rock phosphate ore 
(that contained in excess of 30% of crandallite), were 
included for comparative purposes. These two samples 
were provided by Dr J.A. Adams (New Zealand Soil Bureau, 
D.S.I.R.). 
Because of the appreciable quantities of micaceous 
clay minerals and quartz in the chronosequence samples 
the more drastic HF digestion favoured by Sarma and 
Krishna Murti (1969/1970) was initially chosen as the 
most suitable means of concentrating any plumbogummite 
minerals present. Following digestion, residues were 
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washed with 50 ml portions of hot 3 molar HCl (twice), 
distilled water (twice), 96% ethanol (twice) and benzene 
before being dried at 1100 C. Phosphorus contents of the 
samples and their digestion residues were determined, 
following carbonate fusion, by the method of Alexander 
and Robertson (1968) by Mr D.T. Howarth (Lecturer in 
Chemistry, Lincoln College) to whom the author is indebted. 
The digestion residues from all the chronosequence samples, 
and from the river sand and the Kaiterteri hill soil 
gave similar x-ray diffraction spacings. A typical 
example of these data is included in Table 63. The 
d-spacings and intensities obtained were in agreement 
with those reported by Sarma and Krishna Murti (1969/1970) 
as belonging to minerals of the plumbogummite group. 
However, the intensities of the spacings obtained from 
the residues from the chronosequence samples decreased 
with increasing age of the soil, and with decreasing 
particle size. The spacings were not given at all by the 
residue from the Christmas Island rock phosphate, which 
was largely dissolved by the treatment. These observa-
tions suggested that the diffraction spacings were not 
caused by a mineral of the plumbogummite group, and that 
they were associated, not with a weathering end product, 
but with some species that was being depleted as 
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weathering progressed. 
To check this possibility, a range o~ 16 unweathered 
rock samples (including granite, obsidian, pumice, 
andesite, basalt, gneiss, siltstone and greywacke) and 
two samples o~ muscovite were groWld to < ,53 pm and th4!n 
subjected to a similar HF digestion. A representative 
selection o~ the ~-ray data obtained appears in Table 63. 
Every residue gave spacings that corresponded to those 
obtained from the soil samples. Apart ~rom Na2SiF6 
I 
(from obsidian), K2S~F6 (from mUSCOVite), rutile and 
zircon, no other spacings were observed in any of these 
diffractograms. The weights of residUe produced from 
1 g rock samples ranged from <30 mg for the granite, 
obsidian, pumice and greywacke samples to 4,50 mg ~or one 
of the basalts. In general, the more basic the rock, 
the greater the weight of residue produced. 
The P content of the residues ranged from O.008~ 
(basalt) to 0.014% (muscovite). If it is assumed that 
the P content of plumbogwnmite minerals is of the order 
of 10 - 1,5~, all of these residues would contain 
plumbogummite concentrations of < 0.2~. Sarma and 
Krishna Murti (1969/1970) reported values ranging from 
80 to 1060 jlg/g for the P content of their HF residues. 
These values would correspond to maximum plumbogummite 
mineral contents ranging from 0.1 to 1.6%. It is 
inconceivable that the low contents of plumbo~ite 
minerals that could be present in the rock or muscovite 
residues of the present work, or in the samples of Sarma 
and Krishna Murti, could be responsible for the strong 
diffraction patterns obtained. 
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As plumbogummite minerals are unstable above 4000 c 
(Norrish,1957; Blanchard, 1971; and Trueman, 1971) it 
is unlikely that they would be present in a range of 
igneous rocks. No changes were produced in the X-ray 
diffraction patterns obtained from the residues by heating 
the soil, ground rock or muscovite samples at 6000 c for 
one hour prior to HF digestion. Sarma and Kris~a Murti 
(1969/1970) also reported that the spac~ngs they attributed 
to plumbogummite minerals were removed by treatment with 
NaOH, but unfortunately the conditions of this treatment 
were not specified. Treatment of 1 g samples of soil, 
ground rock, and muscovite with 50 ml of boiling 2 molar 
NaOH for 5 minutes prior to digestion with HF had no 
effect on the diffractograms obtained from the residues. 
When a 1 g sample of Christmas Island rock phosphate ore 
was boiled for 2.5 minutes in 50 ml of 0.5 molar NaOH, 
all the crandallite it contained dissolved. 
It was concluded from the evidence so far obtained 
that the products obtained from a 24 hour digestion in 
48% HF were not plumbogummite minerals, but artefacts 
produced by the interaction of HF with the samples. 
(b) Synthesis of Complex Fluorides. Norrish 
(1968) reported that NH4MgA1F6 which gave similar 
diffraction reflections to those of plumbogummite 
minerals could precipitate during HF attack on soil 
samples contain;Lp.g,,,g, 'but that "it,/(lould~,be' removed, by 
warm 2 molar HC1. Since the residumobtatned in the 
present study were insoluble in hot acid it is unlikely 
that they were this particular fluoride. An X-ray 
spectrographic scan of one of the residues indicated 
that Al, Ca, K, Mg and Fe were the major components. 
No magnesium, aluminium fluorides in which NH4+ might 
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be replaced by other cations of similar size were listed 
in the Powder Diffraction File published by the Joint 
Committee on Powder Diffraction Standard (1973 Edition). 
Consequently NaMgAlF6 , KMgA1F6 and caO•SMgA1F6 were 
precipitated by addition of HF to appropriate quantities 
of NaCl, KC1, CaCl2 , MgC12 and A1C13 dissolved in 
distilled water,and the mixture allowed to stand for 
24 hours. Fluorides with compositions between those of 
the end members were also prepared. All the prepared 
fluorides yielded X-ray diffraction spacings similar to 
those of NH4MgA1F6 indicating that Na+,K+ and Ca
2 + could 
replace NH4+ in that structure. Diffraction data for 
the three end members, and for crandal1ite and gorceixite 
(the two members of the p1umbogummite group most frequently 
reported in soils) are compared in Table 64. No spacings 
other than those listed in this table were obtained from 
any of the fluoride precipitates, and the yield of each 
product approximated that calculated from the ass~ed 
chemical formula. 
Significant differences, both in.the positions of 
the spacings and in their relative intensities, occur 
between the data from the complex fluorides and those tor 
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the two plumbogummite minerals. Comparison of the data 
listed in Table 64 with those in Table 63, and with the 
values reported by Sarma and Krishna Murti (1969/1970), 
shows that digestion of rock and soil samples for 24 hours 
in 48% HF has resulted in the precipitation of complex 
fluorides, and not in the concentration of minerals of tbe 
plumbogummite group. 
Differential thermo grams of the rock and soil residues 
resembled those obtained from the complex fluorides 
(Figure 82) and were quite different from published 
curves for plumbogummite minerals (Norrish, 1957; 
Blanchard,1971; and Trueman, 1971). 
The precipitated complex fluorides were all 
unaffected by a 15 minute boil in 6 molar HCl (0.25 g 
solid: 50 ml acid). 
fluorides would not be removed from·digestion residues 
by washing with warm HC!. No explanation can be offered 
for this considerable difference in solubility. 
The diffraction spacings given by the complex 
fluorii,des disappeared if 100 mg of fluorides were boiled. 
with 50 ml of 0.5 molar NaOH for 2.5 minutes. In all 
cases they were replaced by spacings at 0.778, 0.388, 
0.259, 0.230, 0.196, 0.153 and 0.150 nm. It has not 
been possible to identify these spacings. CaF2 was 
also produced from fluorides containing Ca~ These 
spacings were also obtained following similar NaOH 
treatments of the residues from the soil, rock, and 
muscovite samples that had been treated with 48% HF for 
24 hours. The complex fluorides decomposed when heated 
at 6000 C for one hour. The products of this heati~g 
included Na2MgAlF7 (weberite), ~ CaAlF5 , KM6F3 and CaF2 • 
Residues from soil, rock and muscovite samples that had 
been digested for 24 hours with 48% HF also yielded these 
products when heated to 6000 c. These thermal and che~cal 
observations confirm that the digestion residues contained 
complex fluorides. 
(c) Optimising the Conditions for HF Digestion 
; 
In order to establish at what point during a 24-hour 
digestion fluorides were first precipitated, 1 g samples 
of powdered « 53 pm) granite were treated with 30 ml of 
, 
48% HF for periods ranging from 2 ~inutes to 24 hours. 
The dominant minerals in the granite were feldspar, quartz 
and muscovite. Most of the feldspar dissolved in the 
first 5 minutes, and it was not detected in the residu~s 
after 4 hours. Although the initial rate of solution 
of quartz was slower, it too had dissolved within 4 hours, 
Some 90% by weight of the sample dissolved i~ the first 
hour. As it dissolved more slowly than the quartz ~ 
feldspar, the ~elative amount of muscovite in the dig,stion 
residue increased during the first 3 hours. Fluorides 
were first detected in the residue after 2 hours. 
Between 2 and 14 hours the intensities of the fluoride 
diffraction spacings increased, while those of muscovite 
declined. After 14 hours muscovite was no lOD6er 
identifiable in the residue, and the intensities of the 
fluoride spacings remained constant. It is conclUded 
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from,these observations that Ng concentration was the 
limiting factor in the precipitation of t~e fluoride. 
Although the rapid in~tial solution, of the feldspar would 
have provided the necessary concentrations ot' the remainiq,g 
ions, it appeared that the solubility product ot the 
fluoride was not exceeded until solution of t~e muscovite 
had provided a sufficientMg concentration. This 
explanation would also accoqnt for the tendency ot residue 
weights to increase as rocks became more basic. Whether 
Fe could substitute for Mg and/or Al in the fluorides was 
not investigated. 
It is likely that the various min$rals present in 
soil samples have different rates of solution in UF. 
NOrrish (1968) has reported that prolonging aF attack'to 
dissolve other resistant minerals such as illite, c9uld 
cause solution of plumbogummite minerals, and the presen~ 
investigation has shown that the crandallite in Christmas 
Island rock phosPhates was soluble in HF. For soil s~ples 
that do contain HF-resistant minerals, the digestion 
conditions that would give the maximum chance of identitY~ 
ing any plumbo~te minerals that were present, would 
be those that resulted in the highest possible concentra-
tion of them in the residue. In an attempt to def1~e 
thel;Je conditions 1 g samples of water-dispersed « 2 pm 
clay from the following chronosequence soil horizons; 
Ho 1, A12 and C; I(Y) 1, A;I(0)1, A; Ah 1, A and 821 , 
Ku 1, A and ~G; and Ok 1, A and B3G, and trom the B 
horizon., of the Kai ter! teri hill so:l,.1, were digested, t,or 
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periods of 2 minutes, and 2, 1,5 and 24 hours with 80m1 
of 20% HF, and for 24 hours with 30 ml of 48% HF. X-ray 
diffraction data and P conten~were obt~ined tor all 
residues. (The P analyses were again carried out by 
Mr D.T. Howarth). 
The chemical data obtained from the Kaiterit.ri b~11 
soil are summarised in Table 6,5, an4 the X-raf data in 
Table 66. With this soil, which conta;ned mainly 
kaolinite in the clay fraction, the mildest treat_,nt used 
(20% HF for 2 minutes) produced a residue that c:ontained , 
0.82% P. If this P were present in minerals of the 
plumbogummite group they would account for about a - 12% 
by weight of the residue. The X~ray diffraction data 
for this residue show the presence of plumbo~te 
minerals, phyllosilicate clays, quartz and ~oethite, but 
no fluorides. An even higher P content (1.,54%) occurred 
in the residue from the two-hour digestion. X"'Iray 
diffraction again showed the presence of plumbogunJDite 
minerals p but no quartz, fluorides or goethite could be 
identified. Prolonging the digestion beyond 2 hours 
led to precipitation of complex fluorides, a reductiOn in 
the P content of the residue, and to a reduct~on in the 
percentage of the total P in the clay that was recovered 
in the residue. Plumbogummite minerals could still be 
identified in the digestion residue after 24 hours when 
the HF concentration was 20%, bu~ not when it was inc:~ea.ed 
to 48%. If all the P recovered in the resique following 
this latter treatment were assigned to pl~~gummite 
mine'ra1s, they would form < 1 .7% of the weight ot the 
residue. It is doubtful if X-r~y diffr~Qtion would 
detect this low concentration. These dat~ ~lso cont1~ 
the solubility of (soil) p1umbQgummite mine~als in UF. 
P1umbogummite minerals could not be ~os1t1vely 
identified in any of the digestion residues from tb~ 
chronoseque~ce samples. The highest P content obtai~ed 
from any of these residues was 0.21% from the B,G ll.orizon 
of. the Okarito silt loam fo110win~ a two-hou:r digest;l,oJl 
wi th 20% lIF. This amount of P corresponds 1;Q a. maximUQl 
plumb 0 gummi te mineral content of 2 .. 31» •. 
obtained from the residue after the two-hour digestion 
does show a small peak at 0.296 nm, sandwicbed between two 
fluoride spacings at 0.302 and 0.289 nm (Figure 8). It 
is possible that the 0.296 nm spaoing is de~1ved fro. a 
mineral of the p1umbogummite group, but no additional 
spacings of these minerals were observed. The 0.296 lUll 
spacing was absent in samples subjected to more drastic 
HF digestion. 
Figure 83 also shows that the ratio ot the intensity 
of the (101) spacing of anatase to that of' the (110) 
spacing of rutile decreased f~om 2.89 af'ter the two-
hour digestion to 0.8) . 
48% HF. These results indicate that anata •• is dissolved 
by digestion with lIF, and that rutile is either less 
soluble than anatase or insoluble. The other cbrono~ 
sequence samples examined gave comparable results. Th~ 
<2 pm clays were then subdivided into tine and co.rse 
fractions and separate treatment of these by two-hour 
digestion with 20% HF showed that anatase tended to be 
concentrated in the finer fract!on and rQtile in the 
coarser. The finer particle size of ~at~8e ~y account 
for its .greater solubility in HF. 
Although the soils of the Reef ton ch~onpsequence. 
and the Kai teri teri hill soil, were lQlown to oont.,in ,,~p 
so~ca11ed 'residual' P fractions, p1umbo~t~ .i~ra~8 
could be positively identified only in the J~tte~ 80i1. 
The P--containing compounds in the chro~osequ~nce soils 
could not be concentrated suffic~ently~y HF digestion to 
permit their identification by X-ray difffaQiiop. rt is 
unlikely that identification of p1umbogummite minera~s 
in soils containing appreciable quantities ot mica, quartz 
or other minerals, that do not dissolve rapidly i~ HF, can 
be achieved by increasing the duration or intensity or 
the digestion, as p1umbogummite minerals appeGf to be 
soluble in HF, and prolonged digestion 1eGd~ to the 
precipitation of complex fluorides. SilililAr1,.ties between 
the X-ray diffraction spacings of such tluorid~ preQi~ita~ •• 
and those of p1umhogummite minerals have led ~o the 
precipitates being mistaken for minerals ot the 
plumbogummite group. Techniques that c~ remove 
micaceous minerals and quartz without loas ot p. or cnemical 
methods that compare changes in inorgaQic ~o8pbate 
fractions before ~d after calcination (Adam~,Howar~ and 
Campbell, 1973) are suggested as possible areas tor turth.r 
investigation. 
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CHAPrER FOUR 
SUMMARY 
1. A chronosequence of soils ranging in ~ge from a~out 
1000 ,to at least 1,0,000 years, develoPed on a 
series of glacial outwash terrac~s near Reef ton, 
New Zealand, was recognised, described and studieq. 
2. Changes in soil chemical and mire+a~ogieal properties 
as ,a f'unction of the duration of' weathering \'lere 
investigated. 
,. The effects of impeded drainage and ot short term, 
short range variations in the intensity of tb~ 
biotic factor were e~;lamined, 
4. Attempts were made to determine if minerals of 
the plumbo~ite group were responsible for the 
high proportion of soil phOSPhate from some strongly 
weathered soils that, on i'ractionatloJ1" appeared 
in the residual P fraction. 
5. Literature pertaining to the factors influencing 
soil formation in the study a+e~, ~be ~alytical 
procedures used, the nature of' poo~ly~ordered s~i1 
colloids, the qualitative and quantitative 
determination of crystalline and pon-cTYstal1ine 
clay' minerals, and the genesia ot' clay minerals 
were reviewed. 
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6. The parent materials, relief, climate and 
vegetation found in the area were described. Soil 
Qlorphogenesis was illustrated by detailed profile 
descriptions and by a colour plate. 
7. The sampling methods and analytical techniques 
used in the study were described. 
8. Soil pH values throughout the sequence '\~·ere lolV' 
to very low, and nowhere"> 5.4. Depth :functions 
showed slight increases. The pH of the surface 
horizon was related to distance :from the nearest 
living red beech, or decaying beech stlunp, ruLd 
variations of up to 1.4 units were observed 
over dist~ces <6 m. 
9, The total weight of soil in a tessera initially 
deolined, but following the collapse of' soil 
structure and the development of gley podzols 
considerable increases ocourred. The resulting 
variations in the weight of inorganic material 
in constant soil volume made it difficult to 
determine the aotua1 gains and losses caused by 
pedogenesis. 
10. Multiple regression analyses showed that about 90% 
of the variation in CEC of the soils could be 
predicted from their clay and organic matter 
oontents. The mean CEC' s of' clay and organic 
-1 
matter were 42 ! 10 and 88 + 10 me 100g , 
respeotive1y. The organic traction made four 
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times the contribution of the clay fraction to 
the CEC of the yellow-brown earths, but i.n the gley 
podzols the clay contribution w'as tliTice that of 
the Qrganic fraction. A progressive drop in the 
CEC of. organic matter with increasing soil 
development, and the presence of expanding 2 : 1-
TYpe phy110silicates in the older soils 9 lvere 
responsible for these differences. 
11. Total Mg, Al, K, Ca and Fe decreased asymptotically 
with increasing soil development. 
formed an increasing percentage of a groater total 
weight of inorganic material, total S1 and Tl 
increased beyond 18,000 years, when data \'lere 
compared on a volume-weight basis. Alternative 
methods of ana1ysing"lhe data were connidcred. 
12. Application of a differential DTA technique sho,."ed 
that. recognised methods of a1lophane determination 
by selective dissolution analyses dissolved 
appreciable gibbsite and crystalline phyllosilicates 
from the ye110,,,.-brown earth members of' tho sequence. 
It is essential that materials of pedologic rather 
than geologic origin are used to check the 
inactivity of soil clays in selective d~~solution 
reagents. Differential DTA and infrared techniques 
make it possible to test actual components in any 
give~ range of samples. 
'I. \, 
. 
201. 
13. Poorly-ordered and organic-comp1exed ~orms o~ 
A1 and Fe accumulated during the ~irst 18,000 years 
o~ soil development. The former were reduced 
to low levels in the two gley podzo1s. 
14. On the Ahaura silt loam, the oldest yellow-brown 
earth in the sequence, growth o~ individual red 
beech trees concentrated rai~a11, caused a reduction 
in pH and increased the supply o~ water soluble 
che1ates. This led to localised depletion o~ A1 
and Fe in relation to Si in the upper horizons, 
and levels o~ these elements were altered towards 
those now ~ound in the gley podzo1s. The 
magnitude o~ the change increased with the size 
and age o~ the tree and decreased with distance 
" 
~rom it. 
15. Di~~erences in the mineralogical compositions o~ 
the sand, silt and clay ~ractions between soils 
o~ increasing age were consistent with the ~ther 
weathering o~ a parent material o~ similar 
mineralogical composition. 
16. It was concluded that in yellow-brown earth 
environments where pH > 4.5, A1 and Fe were 
accumulated relative to Si, and the soil was 
moving (slowly) towards a lateritic end product. 
Under these conditions the stable weathering 
products o~ mica, ~erromagnesian chlorite and 
~e1dspar ~rom the parent material were pedogenic 
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chlorite, kaolinite, gibbsite and allophane. It 
was further concluded that the combination of low 
pH « 4. S) and ·high organic matter levels 
associated with the growth of individual beech 
trees initiated a second weathering cycle in which 
Al and Fe were lost from the upper horizons resulting 
in the destruction of allophane, gibbsite and 
ferromagnesian chlorite and in dealumination of 
pedogenic intergrades first to vermiculite and then 
to montmorillonite. The direction of weathering 
was thus altered towards a podzolic ~nd product. 
The maximum expression of the second cyc1e was 
observed in the upper horizons close to the stems 
of the larger living beech trees and decaying stumps 
where stemflow effects were greatest and had 
operated for the longest duration. The yellow-
brown earth environment was considered to represent 
a dynamic system in which both cycles could alternate. 
17. It was concluded that the gley podzols represented 
more advanced weathering stages than the yellow-
brown earths, and that podzolisation preceded gleying. 
The presence of loess of low permeability was not 
considered to be a necessary prerequisite for the 
formation of gley podzols. 
18. Prolonged digestion with HF dissolved minerals of 
the plumbogummite group, and precipitated complex 
fluorides that gave X~-ray diffraction spacings 
that have been confused with those of plumbogummite 
minerals. 
19. The identification of plumbogummite minerals in 
HF-digestion residues depended upon the degree of 
concentration of the phosphate that could be obtained. 
They were identified in a clay fraction with a high 
content of kaolinite, but not in samples that 
contained appreciable mica and quartz. 
20. The considerable variations in chemical and 
mineralogical properties that could occur over very 
short distances in the yellow-brown earth members 
of the sequence indicated that considerable care 
is necessary when sampling such soils. The sampl.es 
taken from these soils for the Ichronosequence part 
of the study should be regarded as indicative of 
sites showing minimum podzolisation, 
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